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Abstract

Background Crop residues used as organic matter
amendments have been shown to release potassium
(K) into the soil, promoting K cycling in agronomic
systems. Orchard field trials are needed to evaluate K
dynamics under almond hull and shell amendments,
which contain high K concentrations.

Methods Three field trials in commercial almond
orchards were conducted to assess the effects of sur-
face-applied almond hull and shell amendments on K
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cycling within plant and soil systems. Amendment K
concentrations over time, soil exchangeable K, and
tree K status were measured as well as decomposition
rate and crop yield.

Results Hulls and shells released K rapidly under
irrigation and rainfall, significantly increasing soil
exchangeable K in the upper 0-10 cm soil within
2-7 weeks. Amendments increased tree leaf K status
within the first 1-3 years to varying degrees depend-
ing on site. Initial amendment K concentrations
decreased by at least half by dry weight within the
first 25.4 cm (10 inches) of water (irrigation and pre-
cipitation) within the irrigated zone.

Conclusions Almond hulls and shells can increase
soil and plant K status when used as amendments on
the soil surface. This practice can address byproduct
utilization issues, recycle potassium (K), and reduce
orchard K fertilizer demand by replacing the major-
ity of tree K demand. Growers can tailor application
rates to meet orchard-specific K management goals.
Off-ground harvest preserved the hull/shell organic
layer over time and maximized K cycling. Hull/shell
amendments applied on the soil surface cover more
soil area within the irrigated wetted zone compared to
banded K fertilizer. This practice can reduce reliance
on K fertilizers and reduce associated costs while pro-
viding a convenient outlet for hulls and shells.

Keywords Potassium - Organic matter
amendments - Recycling - Soil - Orchard
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Abbreviations
K Potassium
XK Exchangeable potassium

Introduction

Applying nutrient-rich crop residues as soil organic
matter amendments can be an efficient strategy for
recycling crop byproducts (Andrews et al. 2021).
Potassium is highly mobile in plant cells and releases
rapidly from crop residues into soil solution under
water application (Brito et al. 2014; Dong et al. 2019;
Hougni et al. 2021; Rodriguez-Lizana et al. 2010).
The K stored in crop residues can be reused within
crop systems to increase soil exchangeable potassium
(XK) and plant K status over time. Soil XK has been
shown to increase under tree crop byproducts such
as cacao husk amendments (Doungous et al. 2018;
Agele and Agbona 2008), coffee husks (Carmo et al.
2016), pecan husks (Idowu et al. 2017), and macada-
mia nutshells (Bittenbender et al. 1998; Lobel et al.
1994). Foliar K status has been shown to increase
under amendments of macadamia husks (Lobel et al.
1994; Nagao et al. 1992) and cacao pod husks (Agele
and Agbona 2008). While increased soil XK levels
under K-rich crop residues are common, fewer stud-
ies report significant increases in leaf K status. This
may be partially attributed to a dilution effect where
increased growth and leaf biomass can lead to mini-
mal relative increases in leaf K concentration (Zeng
et al. 2001). Given the lack of field trials evaluat-
ing hull/shell amendments in mature commercial
orchards and potential dilution effects, multi-year
field trials are needed to evaluate potential improve-
ments in K cycling and tree K status over time.
Annual almond tree K demand commences in
early spring, peaks during summer fruit enlargement
and kernel fill, and diminishes following hull split
(Muhammad et al. 2020). Productive almond trees
have high potassium (K) demand. In typical mature
almond orchards with high yields, annual K alloca-
tion can range from approximately 20-50 kg K ha™!
in perennial organs, 20-45 kg K ha~! in annual leaf
biomass, and 265-390 kg K ha~! in fruits (Muham-
mad et al. 2015, 2018, 2020). Almond fruit tissues
are the main sink for nutrients in almond trees. They
consist of a kernel surrounded by a shell and an outer
hull. Prior research indicates that as much as 91%
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of whole tree annual K demand can accumulate in
almond fruit which was exported from the orchard at
harvest at approximately 75 kg K per metric ton of
kernel yield (Muhammad et al. 2015, 2018). At pro-
cessing facilities, kernels are separated from hulls and
shells which comprise approximately 70% of crop
fresh weight leaving the orchard at harvest (Almond
Board of California 2020). Applying hulls and shells
as amendments in orchards could provide a cost-
effective source of recycled K and other nutrients,
with potential soil health and soil carbon benefits.
Within a nutrient budget framework, this practice
offers an efficient strategy to resupply crop system K
by using crop byproducts.

Prior research indicates that K-rich mulches can
be used to address K deficiencies in orchards in
semi-arid regions and increase tree leaf K concentra-
tions and yields (Neilsen et al. 2002, 2003). In apple
orchards, researchers noted the tradition of using
mulches to address K deficiency (Neilsen et al. 2014).
Tree crop pericarp materials (e.g., pecan, cacao, cof-
fee, etc.) can be used to supplement or substitute
fertilizer K, which is beneficial when K fertilizer is
financially or logistically difficult to access (Andrews
et al. 2021). Crop byproducts have been shown to be
a cost-effective alternative to expensive fertilizers
in cocoa crop systems (Kone et al. 2020; Oyewole
et al. 2012). Increased use of organic residues can
help address yield limitations in K-deficient soils and
replenish intensively managed soils that have become
depleted of K over time. While most almond orchards
in California are harvested using on-ground equip-
ment that sweeps the soil surface bare, off-ground
harvest equipment that minimizes soil disturbance
could be used to preserve the hull/shell amendment
organic layer over time. Maintaining the amendment
layer on the soil surface during and after harvest
could increase total K release potential and associated
tree K status.

Recycling K-rich crop residues as organic matter
amendments can enhance crop system K reservoirs
and reduce dependence on K fertilizers (Drinkwater
and Snapp 2007; Jiang et al. 2019; Kasongo et al.
2011; Sui et al. 2015). The high K concentrations of
almond hulls and shells indicate these materials could
provide significant K for plant uptake. However, field
trials are needed to assess how much K can be pro-
vided by hull and shell amendments, when it becomes
available, and to what degree this practice increases
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soil XK and plant K uptake. While prior research
has consistently demonstrated that K releases rapidly
from crop residues under water application, few field
trials have specifically evaluated tree crop residue K
cycling in the orchard setting.

The objective of this project was to evaluate the
effects of almond hull and shell amendments on K
cycling in three different orchard field trials to con-
tribute to an integrated framework for K management
in tree crop systems. While some California almond
growers had already begun adopting this practice,
no prior research had been conducted evaluating
almond hull/shell materials as K-rich amendments
in orchards, thus field trials were needed. Each field
trial was approached as a unique case study to assess
K cycling dynamics (e.g., hull/shell K concentra-
tions over time, soil XK levels, and plant K status).
Our research question asked whether almond hulls
and shells can be effectively used as a soil amend-
ment to supply K to meet almond crop demand. We
hypothesized that surface-applied hull/shell amend-
ments would solubilize K under water application
and increase soil XK within the first several months
after amendment application. Hull/shell amendment
K at appropriate rates would provide sufficient K to
almond trees to maintain optimum leaf K status. Since
all sites were commercial orchards with historically

Google Earth 2023

sufficient K fertilizer inputs, and no alterations to
existing K fertilizer practices were made, no effect
on yield was expected. Similarities and differences
between sites are highlighted regarding K release, soil
XK, and tree K status over time. While the composted
hulls/shells utilized in this study at Site 2 contained
higher initial K concentration than fresh hulls/shells
at the same site, release rates were hypothesized to be
similar due the soluble nature of K in plant tissues.
Maintaining the hull/shell layer over time with off-
ground harvest equipment was hypothesized to maxi-
mize K release and K cycling benefits. Findings can
be used to inform sustainable nutrient management
practices and tailor amendment application strategies
to meet the needs of different crop systems.

Materials and methods
Site descriptions

Almond hulls and shells were stockpiled at a pro-
cessing facility located 1.6 km from the orchard that
hosted Trial 1 in the Northern San Joaquin Valley,
California (37°39° N 121°25° W, Fig. 1). ‘Independ-
ence’ variety almond trees on ‘Viking’ rootstock
were planted in 2010 at this site. Tree spacing was

S Treatments

b 1) No amendments with on-ground harvest  (control, NA-ON)
M 2) No amendments with off-ground harvest (NA-OFF)

i 3) Amendments with on-ground harvest (A-ON)

i 4) Amendments with off-ground harvest (A-OFF)

-

Treatments

1) Control (no amendments)
4 2) Fresh hull/shell mix

3) Composted hull/shell mix

8 Treatments

1) Control (no amendments)

2) Hulls

3) Hull/Shell mix

4) Shells

5) Banded K,SO, fertilizer amendment

Fig. 1 Aerial image of approximate locations of each field trial and treatments at each site

@ Springer



702

Plant Soil (2024) 495:699-722

4.6x5.8 m (15x19 ft) and trees were drip irri-
gated. The soil type was Capay clay (NRCS, Sup-
plementary Table 1). Typical fertilizer management
practices included the application of 13-46 kg ha™!
(1241 1b ac™!) K annually applied as potassium thi-
osulfate fertilizer through the drip irrigation system
during the spring.

The second and third trials were located near
Woodland in the Sacramento Valley, California, and
sourced almond nutshell materials from a proces-
sor located approximately 24 km from the orchards.
Treatments were applied to ‘Nonpareil’ variety
only at Trials 2 and 3. Growers at Trial 2 (38°38° N
121°50” W, Fig. 1) produced compost using a mixture
of approximately 70% almond hulls/shells and 30%
dairy manure. ‘Nonpareil’ variety almond trees on
‘Titan’ rootstock were planted in 2015 with alternat-
ing pollinizer varieties. Tree spacing was 5.5X7.3 m
(18x24 ft) and trees were drip irrigated. The soil
type was Sycamore silty clay loam soil (NRCS, Sup-
plementary Table 1). At this site, growers reported
approximately 224 kg ha~! (200 Ib ac™') K fertilizer
was uniformly applied across the entire orchard in
2021 through the drip irrigation system across sixteen
irrigation events from March-June.

To evaluate whether reduced soil disturbance
could increase amendment K cycling, Trial 3 (38°40’
N 121°53” W, Fig. 1) was designed to evaluate a hull/
shell mix amendment paired with off ground har-
vest equipment to minimize soil disturbance in the
tree row and maintain the amendment layer. ‘Non-
pareil’ variety on ‘Bright Hybrid 5° rootstock were
planted in 2014 with alternating pollinizer row vari-
eties. Trees were spaced at 4.6x6.7 m (15x22 ft)
and were micro-sprinkler irrigated. The soil type was
San Ysidro loam (NRCS, Supplementary Table 1). In
2020, approximately 202 kg ha=! (180 1b ac™!) K was
applied uniformly across the entire orchard as potas-
sium nitrate fertilizer through the irrigation system
split over 15 fertigation events.

No alterations were made to existing fertilizer
management practices at all trials; hull/shell amend-
ments were applied in addition to established ferti-
lizer applications. This ensured that the trials would
not lead to potentially detrimental K deficiencies in
the event that K did not readily solubilize. The critical
value ranges for California almond July leaf K con-
centrations are well-established. Increases in soil XK
can lead to increases in leaf K status within the leaf
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K sufficiency range, which allowed the assessment
of treatment effects at these sites where leaf K was
already adequate. Maintaining the established K fer-
tilizer best management practices at each trial was a
conservative approach to assessing K dynamics that
minimized the risk of severe K deficiencies at the
cooperating commercial orchards.

Experimental design

Each field trial was approached as a case study to
assess K cycling dynamics at three unique commer-
cial orchards with different management practices,
thus each site had a different set of hull/shell treat-
ments. No statistical comparisons were made across
sites—only within sites. All trials were randomized
complete block designs with each treatment applied
to an entire tree row. One buffer tree row was located
between each tree row receiving a treatment. Each
experimental unit consisted of at least 40 trees within
an individual treatment tree row, hereafter referred to
as a plot. Each plot was replicated in four blocks and
assigned to a random row within each block. At each
orchard, trial location was informed by NRCS soil
web database maps to identify an area of a consistent
soil type. Hull/shell amendments were applied with
a compost spreader that placed materials only in the
tree row area and not in the alley, except for the fall
2020 application at Trial 3 which was broadcasted.
Precipitation data was sourced from the California
Irrigation Management Information System (CIMIS)
databases, Station 249 (Ripon) for Trial 1, and Sta-
tion 226 (Woodland) for Trials 2 and 3. Irrigation
data was provided from water meter readings at the
pump station at Trial 1 and grower records at Trials
2 and 3. Irrigation was applied through drip lines at
Trials 1 and 2 and micro sprinklers at Trial 3. Pre-
cipitation and irrigation data was collected begin-
ning at amendment applications in the fall of 2020
at all trials. Since the wetted soil surface area ranged
from approximately 20-58% of total soil surface area
depending on irrigation system, applied irrigation
was converted to a centimeter (cm) in the wetted area
basis utilizing the approximate wetted area for each
orchard and integrated with rainfall data. An example
is shown in Eq. 1 below. Wetted soil area was esti-
mated to be 58% of total soil area at Trial 1, 45% at
Trial 2, and 20% at Trial 3. At all trials, all amend-
ment and soil samples were collected from within
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the irrigated wetted zone. Therefore, the data, model,
and results presented in this paper only represent K
cycling that occurred within the irrigated wetted zone
and not the entire orchard soil surface area.

8.8 cmirrigation (8.8)
0,58

0.58 ha wetted area ha™" total area

= 15.2 cm within the wetted soil area (D)

At Trial 1, five treatments consisted of a con-
trol (no amendments), hulls, shells, a mix of hulls
and shells, and a banded potassium sulfate fertilizer
amendment. By dry weight, the hull/shell mix treat-
ment consisted of 82% hulls and 18% shells in Feb-
ruary 2020 and 91% hulls and 9% shells in Novem-
ber 2020. The hulls, shells, and mix treatments were
applied to both sides of trees in designated plots as
close as possible to 140 kg ha™! (125 Ib ac™!) K dur-
ing the first application on 2/10/2020 and 185 kg ha™!
(165 1b ac™!) K during the second application on
11/12/2020. The goal was to apply the three hull/
shell amendments at rates that would provide simi-
lar K inputs per acre. The fifth treatment at this site
consisted of banded potassium sulfate fertilizer that
was applied in fall 2019 and fall 2020 at 230 kg ha~!
(205 1b ac™!) (approximately 103 kg K ha~! or
92 1b K ac™!). A minimal baseline K fertilizer appli-
cation of 34 kg ha™! (30 Ib ac™!) K was applied in
2020 across the entire orchard uniformly, within all
treatments (including the control) as a precautionary
measure to prevent K deficiencies.

Treatments at Trial 2 consisted of a control (no
amendments), a mix of fresh hulls/shells, and mature
compost comprised of manure and hulls/shells. The
fresh hull/shell amendment applied on 10/14/2020
consisted of 20% hulls and 80% shells. This treat-
ment was applied at approximately 12.3 fresh met-
ric tonnes (Megagrams) per hectare (5.5 US tons
ac™!) at 18% moisture containing approximately
155 kg ha™! (138 1b ac™!) K. On the same day, the
compost was applied at approximately 21 fresh metric
tonnes ha™! (9.4 US tons ac™!) at 32% moisture con-
taining approximately 256 kg ha™' (228 1b ac™!) K.
The following autumn on 11/29/2021, the fresh hull/
shell mix consisted of 40% hulls and 60% shells, and
was applied at approximately 18 fresh metric tonnes
ha™' (8 US tons ac™") at 31.8% moisture contain-
ing approximately 315 kg ha~! (281 Ib ac™') K. The
compost was applied the same day at 29 fresh met-
ric tonnes ha™! (13 US tons ac™!) at 57.6% moisture

containing 128 kg ha~! (114 1b ac™!) K. Moisture
content of both amendments was higher in 2021
likely due to heavy October rains prior to application.
At Trial 3, two harvest types, on vs. off ground
harvest, were included to evaluate whether maintain-
ing the hull/shell amendments over time as an undis-
turbed organic layer on the soil surface via off ground
harvest might influence soil and plant K status differ-
ently than the current standard practice of on ground
harvest. Four treatments consisted of (1) a control, no
amendments and on ground harvest (NA-ON), rep-
resentative of current almond management practices
in California, (2) no amendments and off ground har-
vest (NA-OFF) to reduce soil disturbance, (3) a hull/
shell amendment disturbed by on ground harvest each
August (A-ON), and (4) the same hull/shell amend-
ment maintained over time with off ground harvest
(A-OFF). On 10/7/2020, 18 metric tonnes ha~' (8
US tons ac™!) of fresh hull/shell mix (32% hulls and
68% shells) with 6.6% moisture were broadcasted
across the soil surface including the alley, contain-
ing approximately 310 kg ha™' (277 Ib ac™!) K. A
year later on 10/4/2021, 18 metric tonnes ha™! (8 US
tons ac™!) of fresh hull/shell mix (53% hulls and 47%
shells) with 2.1% moisture containing 269 kg ha~!
(329 1b ac™") K were applied in the tree row only,
concentrating the amendment over tree roots.

Amendment nutrients and decomposition

Amendment samples were collected at application
and over time from decomposition litter bags. Net
dry mass remaining was used to assess decomposi-
tion trends over time for each amendment type. This
litter bag protocol was developed in forest ecosystem
litter layer research and has been adapted in many
agricultural systems to study plant residue decompo-
sition (Kaushal et al. 2012; Krishna and Mohan 2017,
Dong et al. 2019; Yang et al. 2020; Prescott and
Vesterdal 2021). Prescott and Vesterdal 2021, rec-
ommend describing the remaining biomass in litter
bags as “net mass remaining” because some fraction
of the measured biomass within the bags likely con-
sists of microbial biomass and byproducts, in addition
to lingering plant residue. Square litter bags made
of 0.08 cm nylon mesh (Memphis Net and Twine
Company) 20 cm X 20 cm in size were filled with the
appropriate dry mass of each amendment on based
on application rates (dry mass per area) and percent
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moisture. Litter bags were installed immediately after
amendment application at all sites in the fall of 2020
and collected at multiple time points during the fol-
lowing year. Three litter bags were collected within
each plot at each sampling time. At all sites, three
amendment samples per plot were collected, oven-
dried at 60 °C, and weighed for net dry mass remain-
ing. Then, samples were pulverized and the three
subsamples were aggregated by plot prior to nutrient
analysis for nitrogen, phosphorus, potassium, sulfur,
boron, calcium, magnesium, zinc, manganese, iron,
copper, sodium, and carbon. Carbon and nitrogen
were analyzed via flash combustion, while all other
elements were analyzed via digestion and inductively
coupled atomic emission spectrometry (ICP-AES).

Soil nutrients

Prior to amendment application, soil samples were
collected from each plot to assess soil XK. Initial
soil samples were taken at 0—10 cm, 10-20 cm, and
20-30 cm depths within the irrigated wetted zone
at each site. Additional soil samples were taken and
analyzed for XK at later time intervals following each
amendment application at all sites. In each plot, three
subsamples were collected, air dried, and ground
separately with a soil grinder (Test Mark Industries,
Soil Grinder SA-1800). Subsamples were aggregated
within each plot prior to analysis to provide more rep-
resentative samples per plot. Soil XK was determined
via ammonium acetate extraction (Thomas 1982) and
quantification via ICP-AES.

Tree nutrient status and yield

Three healthy, representative sample trees were
selected in each plot for annual leaf samples. To
assess mid-July leaf nutrient status, 100 leaves were
collected per tree, washed twice with DI water, oven-
dried, pulverized, and analyzed for K via extraction
with a solution of 2% acetic acid and quantification
via ICP-AES (Jones 2001; U.S. EPA method 200.7
2021). Yield data for each plot was collected by
mechanically sweeping and weighing total fruit fresh
weight. One subsample of at least 2.7 kg almond fruit
per plot was collected, weighed fresh, oven-dried,
weighed dry, and used to calculate percent moisture.
Then, dry almond fruits were separated from debris
(e.g., sticks, dirt, amendments, etc.) and the fruits
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and debris fractions were weighed separately. Hull/
shell debris was separated from all other debris and
weighed. For each sample, one hundred dry whole
fruits were separated into kernels, shells, and hulls
and weighed. Crack out percentage was calculated as
the kernel dry mass as a percentage of whole fruit dry
mass. Kernel yield per plot was estimated using dry
kernel weight divided by the plot area covered.

Data analysis and statistics

Data was analyzed in R (R Core Team 2022). Most
data visualization was performed using the package
ggplot2 (Wickham et al. 2016). Response variables
were modeled using linear mixed effects models
using the ImerTest package (Kuznetsova et al. 2017)
as a function of treatment (a fixed effect) and block
(a random effect). For July leaf K, subsamples were
not aggregated prior to analysis therefore plot was
included as a random effect nested within block.
Model assumptions of normality and homogene-
ity of variances were assessed with diagnostic plots,
Normal Quantile-Quantile and Scale-Location plots.
After diagnostics, analysis of variance (ANOVA)
was performed, and Compact Letter Display (CLD)
groupings were generated using the estimated mar-
ginal means using the multcomp package (Hothorn
et al. 2008) for multiple pair-wise comparisons
(Tukey method). Alpha values were consistently set
to 0.05. When considering data that was successively
sampled, treatment, time, and the interaction of treat-
ment and time were included in a linear mixed model
to account for repeated measures over time within the
same experimental unit. Linear regressions were per-
formed using packages ggpubr (Kassambara 2023)
and ggpubmisc (Aphalo 2016) to assess decomposi-
tion over time with net mass remaining data.

The R packages Ime4 (Bates et al. 2015), mgcv
(Wood 2011), nlme (Pinheiro et al. 2023), and per-
formance (Ludecke et al. 2021) were used to develop
and evaluate K release models. Trial 1 amendment K
concentration data from February until late July 2020
was modeled as a function of corresponding cumula-
tive water applied (rainfall and irrigation within the
irrigated wetted zone) to develop a model that pro-
vides a framework for predicting changes hull/shell K
concentrations over time. Several nonlinear and gen-
eralized additive models (GAMs) were evaluated and
compared using normality of residuals assessment
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and ANOVA. GAMs were created and compared by
generating Aikake Information Criterions (AICs)
and assessing posterior predictive checks, linearity,
homogeneity of variances, and normality of residuals
(mgcv and performance packages). However, AICs of
all GAMs were higher than the AIC of the best non-
linear mixed effects model.

The most parsimonious K release model was a
nonlinear mixed-effects model (Ime4 package) that
allowed treatment effects in all parameters including
YO (the y-intercept) and had the lowest p-value and
AIC. As described in the results section, this model
used symbols as in R, e.g., “~” indicates “is mod-
eled as” in Eq. 2. The first part of the model was a
typical exponential formula, while CO was the height
at which amendment K concentration (a percentage)
ends, which added model flexibility. YO was equal
to the y-intercept, the original K concentration in
the material. BO was a parameter that regulated the
change in steepness of the curve with units that were
the reciprocal of cumulative water.

3

Results
Initial nutrients prior to application

Initial average amendment nutrient concentrations are
provided in Table 1, and by trial and year in Supple-
mentary Tables 2—4. The K concentration of the hull/
shell mix amendments ranged from approximately
1.5-2.9% K. Hulls generally contained higher K con-
centrations than shells. Composted hull/shell materials
had initial concentrations of approximately 1.0-1.8%
K. Factors that may influence hull/shell K concentra-
tion include almond variety type, fertilization and irri-
gation practices, and soil type at the source location
(Andrews et al. 2021). At the given rates, hull/shell
amendment applications provided small quantities of

micronutrients and very low levels of potentially toxic
elements, such as boron and sodium.

Decreases in amendment K concentrations over time

At Trial 1, nutrient analyses of amendment samples
indicated that K release from hull/shell amendments
increased rapidly in the second month with the major-
ity released by early April (Fig. 2). All three amend-
ment materials significantly decreased in K concen-
tration within the first six and a half weeks. After two
months, amendment K concentrations remained rela-
tively stable and significantly lower than respective
initial K concentrations for all three materials. Most
of the K release occurred within the first 6.4 cm (2.5
in) of water, which included both rainfall and irriga-
tion in the wetted zone, before reaching a plateau. By
late July 2020, all hull/shell amendments had declined
by at least half of their initial K concentrations under
approximately 142 cm (56 in) of cumulative water
within the wetted zone (Fig. 2, Table 5). The sec-
ond application of amendments at Trial 1 occurred
on 11/12/2020. Between November 2020 and late
July 2021, amendment K concentrations significantly
decreased by approximately two-thirds of total ini-
tial K concentrations under approximately 224 cm of
cumulative water (88 in) in the wetted zone.

At Trial 2, K concentration significantly decreased
over time in both amendments (Fig. 3a). Two months
after application with approximately 3.3 cm (1.3 in)
of cumulative water, K concentration was signifi-
cantly lower in both treatments than respective initial
concentrations. This period of rapid K release was fol-
lowed by a plateau for both fresh hull/shell and com-
posted hull/shell/manure amendments. From October
2020 until August 2021, amendments declined by
approximately two thirds of initial K concentrations
under approximately 178 cm (70 in) of water in the
irrigated wetted zone (Fig. 3b). On average, fresh

Table 1 Average nutrient

\verag Material C:N (%) (ppm)

concentrations in hull

(n=11), hull/shell mix C N P K Ca Mg S B Zn Mn Fe Cu Na

(n=26), shell (n=23), and

mix-based compost (n=8) Hulls 63:1 39.8 0.63 009 24 02 0.11 286 121 5 12 204 3 153

materials applied at all field Mix 55:1 418 0.79 0.08 24 02 010 314 100 8 15 350 3 155

trials across all years Shells  76:1 413 057 005 15 02 008 248 58 6 18 477 3 122
Compost 29:1 272 096 0.18 14 0.8 092 1476 87 88 385 19,357 31 1628
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Percent Potassium Remaining in Amendments
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Fig. 2 Changes in K concentrations in three types of amend-
ments (panel A), and cumulative irrigation and rainfall in
the irrigated zone (panel B) from amendment application
(2/10/2020) until harvest (8/10/2020) at Trial 1. Potassium

hull/shell amendments fell from 1.53% K to 0.34% K
while compost fell from 1.78% K to 0.70% K. While
both followed a relatively similar release curve as
amendments at Trial 1, the fresh hull/shell amend-
ment released a larger fraction of total stored K than
the composted hull/shell amendment.

Several models were compared to describe the
observed changes in amendment K concentration as
a function of cumulative water applied using Trial 1
data from February-June 2020. The most parsimo-
nious model was a nonlinear model with a defined
formula for exponential decline with vertical off-
set where YO represented the y-intercept, BO was a
parameter that regulated change in steepness of the
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concentration letter groupings represent significant differences
in K concentrations over time within each separate amendment
treatment type. In panel B, each point represents a water event
that added to cumulative total water in the irrigated zone

curve, and CO was the height at which amendment K
concentration ended:

Amendment[K] ~ YO0 % exp (BO * cumulative water) + CO
@

This model can be used to help predict K release
from amendments based on cumulative applied water.
A steep decline in K concentration occurred for all
three materials in the first 13 cm of applied water,
after which K concentration plateaued (Fig. 4). As
no K fertilizer was applied during the time frame of
the Trial 1 data used for this model, this model was
most appropriate for orchards where additional K
sources were not applied after hull/shell application.
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Percent Potassium Remaining in Amendments
Trial 2, 2020-21
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Fig. 3 Changes in K concentrations in fresh hull/shell and
composted hull/shell/manure amendments on the soil surface
(panel A) and cumulative irrigation and rainfall in the irrigated

However, for comparison this model was utilized with
data from the fresh vs. composted hull/shell amend-
ments in Trial 2 where low rates of K fertilizers were
applied, which may be reflected in the more gradual
K release curve (Fig. 4).

At Trial 3, the hull/shell mix maintained over time
with off-ground harvest declined by approximately
95% of initial K concentration under 478 cm (188
in) of cumulative water after one year (Fig. 5). Off
ground harvest enabled this extended period beyond
harvest in August and hull/shells remained undis-
turbed. After application in October 2020, the hull/
shell layer K concentration dropped dramatically
with the first 25.4 cm (10 in) of water within the wet-
ted zone in the first month. Then in mid-November,
4.5 metric tonnes ha™' (2 US tons ac™') of compost
were applied across the entire orchard, which led to
an increase in hull/shell amendment layer K concen-
tration when sampled in early December. In early

Cé Cé
-_— =

Cc
=]
C [
==

2021-05-01

2021-05-01

(A)

Treatment
E3 Fresh Hull/Shell
$ Composted Hull/Shell/Manure

2021-07-01 2021-09-01

(B)

Irrigation
® Rain

2021-07-01 2021-09-01

zone (panel B) over time at Trial 2. Letter groupings in panel
A represent significant differences in K concentration over
time within each separate amendment

February, after 36 cm of cumulative water, hull/shell
K had dropped substantially again. In early March
2021, approximately 14 kg ha™! (12.5 Ib ac™!) K fer-
tilizer was applied through irrigation and hull/shell
amendment layer K concentration increased again
slightly. Finally, from June onward, hull/shell K con-
centration remained at approximately 0.1% K despite
ongoing K fertigation and irrigation events.

Release to the soil XK pool over time

At Trial 1, soil XK in the top 0-10 cm soil was
significantly impacted by amendment treatments
(A p<0.001), date (D p<0.001), and treatments
resulted in different soil XK trends over time (A x
D p<0.01). Soil XK was significantly higher in all
hull/shell amended treatments compared to the bare
soil control (no amendments) within 1-2 months
after application in February and November 2020
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Amendment Potassium Release Model
Trial 1, 2020
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Fig. 4 A nonlinear model with a defined formula (Eq. 2.) for
exponential decline with vertical offset was most appropriate
for predicting average K concentration as a function of cumu-
lative water applied (irrigation and rainfall in the irrigated
zone) for amendments applied at Trial 1 (panel A) and Trial 2
(panel B). Cumulative water integrated irrigation records with
rainfall data, as described in methods. No potassium fertilizer

(Fig. 6). This occurred after approximately 7 weeks
and 3.18 cm (1.25 in) of cumulative water in the
form of rainfall following the February applica-
tion (irrigation had not yet begun). All hull/shell
amendment treatments maintained higher average
soil XK than the bare soil control from that time
onward, though not always significantly different.
In October 2020 prior to amendment application in
November, amended soils maintained higher aver-
age soil XK compared to the control, though only
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was applied at Trial 1, while 10 split applications of potassium
fertilizer were applied at Trial 2 within the time frame captured
in the above figure B. Potassium fertilizer applications may
help explain the more gradual decline in K concentration at
Trial 2 compared to Trial 1. Dashed lines represent confidence
intervals

the soil amended with the hull/shell mix was statis-
tically significant. After application in November
2020, soils under hulls, mix, and shells had signifi-
cantly higher XK than control soil in January 2021.
In October 2021, soils under all three amendments
maintained higher average XK compared to control
(unamended bare soil), with significant differences
for hull and shell treatments.

At Trial 2, soil XK in the top 0-10 cm soil was
significantly impacted by amendment treatments (A



Plant Soil (2024) 495:699-722

709

Percent Potassium Remaining in Hull/Shell Amendments

Trial 3, 2020-21
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Fig. 5 Changes in K concentrations in the hull/shell mix
maintained over time with off-ground harvest (panel A) and
cumulative irrigation and rainfall in the irrigated zone (panel
B) at Trial 3. Orange vertical lines in panel A represent a com-
post application across the entire orchard in mid-November
2020, and a K fertigation event in early March 2021. Off-

p<0.001), date (D p<0.001), and treatments resulted
in different soil XK trends over time (A x D p <0.001).
After amendment application in mid-October 2020,
amended soils had higher average XK in the upper
0-10 cm than control soils in late October onward,
becoming statistically significant at late November
after approximately 1.5 cm (0.6 in) of cumulative
water (Fig. 7). Soil XK tended to be highest under
the shell treatment. After a year, average soil XK was
higher in both amended soils compared to the control,
though only shell amended soil was statistically sig-
nificantly higher. Potassium thiosulfate fertilizer was
applied uniformly across the orchard at 149 kg ha™!
(133 1b ac™") K total from 3/1/2021 until 6/15/2021
through 16 split applications, which may help explain
the increase in soil XK in all treatments at 5/11/2021.

2021-05-01

2021-05-01
Date

(A)
c c c
—

2021-07-01 2021-09-01 2021-11-01

B)

£
Irrigation
e Rain

2021-07-01 2021-09-01 2021-11-01

ground harvest was implemented in early August 2021 which
maintained the organic layer and enabled a longer-term assess-
ment of hull/shell K. Letter groupings represent significant dif-
ferences in the hull/shell mix K concentration between differ-
ent sampling times

At Trial 3, soil XK in the top 0-10 cm soil was
significantly impacted by amendment treatments
(A p<0.001), date (D p<0.001), but treatments did
not result in different soil XK trends over time. The
hull/shell mix applied in October 2020 led to signifi-
cantly higher soil XK in the upper 0—10 cm compared
to bare control soil after 16 days and approximately
25.4 cm (10 in) of irrigation water (Fig. 8). The hull/
shell mix maintained significantly higher average soil
XK than the unamended bare control soil during Jan-
uary-May 2021. Approximately 131 kg ha™' (117 1b
ac™!) K fertilizer was applied uniformly through
irrigation in six applications between 5/6/2021 and
7/27/2021, which may help explain the increase in
soil XK in both treatments during this time. After one
year, prior to the second fall application, soil XK was
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Fig. 6 Average soil XK in the
top 0—10 cm under treatments
across time at Trial 1. Blue
lines indicate hull/shell amend-
ment applications on 2/10/2020
and 11/12/2020. Letter
groupings indicate significant
differences between treatments
within each date. For time
points with no letters, treat-
ments were not significantly
different. All soil XK data from
Trial 1 are included in this fig-
ure to highlight the finding that
higher soil XK was maintained
under hulls, mix, and shells
compared to the control within
each time point (sometimes
statistically significant, some-
times not)—note that the dates
on the x-axis are not uniformly
spaced over time

Trial 1

baaa

EN 153 o ~
o =} =} o
S S S S

Exchangeable Potassium (ppm)

w
o
o

Average Soil Exchangeable Potassium Over Time

bababa baaa

babaab babaab baaba

bababa

Treatment

- Control
B3 Hulls
B3 wmix
E3 shells

Average Soil Exchangeable Potassium Over Time

Trial 2

600

o
=2
&
)

baab

500

Exchangeable Potassium (ppm)
S
o
o

w
o
o

Fig. 7 Average soil XK over time across all treatments at
Trial 2 in the upper 0-10 cm soil. The blue line represents the
first amendment application on 10/14/2020. Soil XK became
statistically significantly higher under shells and compost on
11/24/2020. Letter groupings indicate significant differences
between treatments within each time point. For time points
with no letters, treatments were not significantly different. All
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-

soil XK data from Trial 2 are included in this figure to high-
light the finding that relatively higher soil XK was maintained
under both fresh and composted hull/shell materials compared
to the control within each time point (sometimes statistically
significant, sometimes not)—note that the dates on the x-axis
are not uniformly spaced over time
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Average Soil Exchangeable Potassium Over Time
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Fig. 8 Soil XK at Trial 3 in the upper 0-10 cm soil over time
in NA-ON (No Amendments, On Ground Harvest) and A-OFF
(Amendments, Off Ground Harvest). The blue line represents
the hull/shell amendment applied on 10/7/2020. Off ground
harvest was implemented in early August 2021 which ensured
the amendment layer remained undisturbed. Letter groupings
indicate significant differences between treatments within each

significantly higher under the amendment compared
to control soil.

The upper 0-10 cm of soil was the focus sampling
depth because the hull/shell amendment was surface-
applied, K typically moves slowly through the soil,
research questions were focused on K release dynam-
ics, and almond tree roots are concentrated in upper
soil layers to access water and nutrients. However,
deeper soil samples indicated that soils with hull and
shell amendments occasionally (though inconsist-
ently) contained higher soil XK concentrations than
respective control soils at each trial. At Trial 1, soil
amended with the hull/shell mix had significantly
higher soil XK than the control soil at the 20-30 cm
depth in the fall of 2021 (data not presented). At Trial
2 and Trial 3, in early March 2021 soil XK was sig-
nificantly higher under the hull/shell mix than the
respective controls at 10-20 cm depth.

time point. For time points with no letters, treatments were not
significantly different. Soil XK data from all time points are
included in this figure to highlight the finding that higher soil
XK was maintained under the hull/shell amendment compared
to the control at each date sampled (sometimes statistically sig-
nificant, sometimes not)—note that dates on the x-axis are not
uniformly spaced over time

Amendment decomposition

At Trial 1, percent total decomposition from applica-
tion in November 2020 to late July 2021 was highest
for hulls (38% of initial dry weight remained) while
mix and shells were statistically similar (approxi-
mately 54% remained). The shells and mix decom-
posed by approximately half of initial dry weight,
while hulls decomposed by approximately two thirds
(Table 2). Treatment, length of time in the field, and
the interaction of treatment and time all significantly
(»<0.001) affected net mass remaining.

At Trial 2, the percent net dry mass remaining of
the amendment applied the prior fall was 68% for fresh
hull/shells and 75% for compost on 6/11/2021 (Table 2).
Net dry mass remaining gradually declined for both
amendments, with final average hull/shell percent net
dry mass remaining slightly lower than compost. Hull/
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Table 2 After fall 2020 applications, final average percent net mass remaining in litter bags in 2021 at the last collection time point

for each site

Trial Treatment Time Length Total Water Initial C:N Avg. Net
(cm) Mass
Remaining

1 Hulls 257 days 155.3 71:1 38%
Hull/shell Mix (82% hull, 18% shell) 65:1 55%
Shells 70:1 54%

2 Hull/shell Mix (5% hull, 95% shell) 240 days 98.4 91:1 68%
Hull/shell-based Compost 24:1 75%

3 Hull/shell Mix (32% hull, 68% shell) 365 days 471.7 52:1 45%

Estimated total water represents cumulative rainfall and irrigation in the wetted zone on an area basis. All values are dry weight

shell net mass declined slightly more linearly than com-
posted hull/shell net mass (Fig. 9a). Considering all
time points together, ANOVA indicated length of time
in the field significantly (p<0.001) reduced net dry
mass remaining for both shells and compost materials,
while differences between fresh vs. composted hull/

Net Dry Mass Remaining
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Fig. 9 Decomposition of amendments expressed as percent
net dry mass remaining at Trial 2 (panel A) and Trial 3 amend-
ments that were maintained over time with off-ground harvest
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shell materials were marginally significantly different
(p=0.056). At Trial 3, the net mass remaining of the
hull/shell mix declined linearly (Fig. 9b) with approxi-
mately 45% remaining after one year (Table 2). Length
of time led to significant (»p <0.001) reductions in net
dry mass remaining at Trial 3 as well.

(A)
R?=0.40
Treatment

- Fresh Hull/Shell
== Composted Hull/Shell/Manure

200 250

(B)

—  Fresh Hull/Shell

300

(panel B), 2020-2021. Decomposition by mass loss within the
irrigated zone was generally linear over time
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July leaf nutrients and yield

At Trial 1, considering all three years together, sig-
nificant effects were found for treatment, year, and
the interaction of treatment and year for leaf Mg,
but only the latter two for leaf K, suggesting leaf K
was particularly influenced by year at this trial (Sup-
plementary Table 5). In July 2020 five months after
the first application, the control trees had significantly
higher leaf K than trees amended with the mix and
shells (Supplementary Table 6). However, all treat-
ments had sufficient K based on recommendations
for July almond leaf tissue samples which should fall
within the 1.4-2.0% K range (Micke 1996). In July
2021, leaf K averages were slightly higher in trees
amended with hulls, mix, and shells, though not sta-
tistically significant. In July 2022, leaf K was signifi-
cantly higher and Mg was significantly lower in hulls,
mix, shells, and potassium sulfate treatments com-
pared to the control. This tradeoff between K and Mg
suggests competitive nutrient uptake favoring K after
two years and two applications, however averages for
both nutrients remained within sufficiency ranges in
all treatments (Figs. 10a and b) (Micke 1996).

Leaf Potassium Status

Trial 1, July 2022 A
L]
b ab a a ab
2.00
|

~1.75 l
9
€
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17
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& 150

1.25

Control Hulls Hull/Shell Mix ~ Shells K Sulfate

Treatment

Fig. 10 Average July leaf potassium (panel A) and magne-
sium (panel B) status for each treatment at Trial 1, July 2022.
Letters indicate significant differences between treatments

Magnesium (%)

At Trial 2, no significant differences in leaf K
were found between treatments in July 2021 or 2022
(Table 3). In both years, average leaf K in trees
amended with shells and compost were slightly higher
than control trees, though not significant. The sig-
nificant reductions in leaf Mg under amendments
observed at the other field trials was not observed at
Trial 2. However, considering all data together from all
treatments, an inverse relationship between leaf K and
leaf Mg was observed at all three sites (Fig. 11). When
analyzing both years together, ANOVA indicated that
only year significantly affected leaf K at Trial 2. There

Table 3 Average values for July leaf nutrients sampled on
7/13/2021 and 7/14/2022, Trial 2

Treatment July 2021 July 2022

K (%) Mg (%) K (%) Mg (%)
Control 2.05 0.89 2.75 0.86
Shells 2.16 0.89 291 0.90
Compost 2.19 0.90 2.90 0.90

No significant differences were found between treatments
within each year for the given nutrients

Leaf Magnesium Status
Trial 1, July 2022 B)
a b b b b

14

13

1.2

1.1

1.0

Hulls Hull/Shell Mix  Shells K Sulfate

Control

Treatment

within each nutrient. High K applications through amendments
led to a tradeoff between tree uptake of K and Mg after two
years and two applications
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Potassium and Magnesium July Leaf Status

Trial 1 Trial 2
35
R°=0.14
2.5
3.0
9 9
< 0o 4y Year <
E 20 o0 8 £ 25
2 VRO 2020 22
[%2] ® 4 »
S A a h —-— 2022 §
) A, <)
a AA A & A a 20
A A
154 a AM‘ TR A
A A
A A
A A
A A 1.5
1.0
10 11 12 13 14 08 09

Magnesium (%)

Fig. 11 Correlations between July leaf K and Mg across years
and sites, including all data from all treatments. While com-
petition between K and Mg only led to significantly lower Mg

were no significant effects of treatment, year, and their
interaction on leaf Mg (Supplementary Table 5).

At Trial 3, amended tree leaf K was significantly
higher and leaf Mg was significantly lower compared to
control trees in July 2021 (Table 4). In July 2022, leaf K
was higher in both amended treatments than unamended
treatments, significantly greater than the control for the
amended off ground harvest trees only. In both years,
increases in leaf K and decreases in Mg suggest competi-
tion between K and Mg (Fig. 11). However, average Mg
and K levels in all treatments were within the respective
recommended ranges for almond. Considering leaf data
from both years, treatment and year significantly affected
leaf K and Mg, but no effects were found for the inter-
action of treatment and year at this trial (Supplementary
Table 5). For all trials, tree K status was within sufficient
range suggesting K status did not limit yield.
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levels under hull/shell amended trees at Trial 1 and Trial 3, the
inverse relationship was observed at all trials

No yield differences between treatments were
found at any of the trials. Year had a significant
(»<0.001) effect on yield at Trial 2 only (Supple-
mentary Table 8). While significantly greater per-
centages of leftover amendments were occasion-
ally found in the yield debris of some amended
treatments at Trial 1 and Trial 2 (ranging from
0.1-12% of total debris dry weight), the growers/
processors reported hull/shell debris was negligible
and did not cause any processing issues. At Trial
1, the shell treatment debris contained lower per-
centages of leftover amendments likely due to the
lower weight and smaller size of shells that filtered
out during mechanical pickup. At Trial 3, the catch
frame harvest equipment led to significantly lower
total debris in yield samples compared to the two on
ground harvest treatments (Supplementary Table 9).

Table 4 Average values for July leaf nutrients sampled on 7/15/2021 and 7/14/2022 at Trial 3

Treatment July 2021 July 2022

K (%) Mg (%) K (%) Mg (%)
(1) NA-ON (Control: No Amendments, On Ground Harvest) 1.59b 093 a 2.02 bc 0.898 a
(2) NA-OFF (No Amendments, Off Ground Harvest) - - 1.96 ¢ 0.895 ab
(3) A-ON (Amendments, On Ground Harvest) - - 2.18 ab 0.842 bc
(4) A-OFF (Amendments, Off Ground Harvest) 1.74 a 0.88b 222 a 0.837c

Letters indicate averages that are significantly different between treatments within the given year and nutrient. In July 2021 the har-
vest treatments had not yet been implemented, thus leaf samples were taken to compare the effects of the hull/shell amendment with
the control within the short time span between fall application and the first following summer prior to harvest
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Discussion
Amendments released potassium and increased soil XK

At all sites, K solubilization from hulls, mix, shells,
and mix-based compost exhibited rapid initial K
release followed by a more gradual release stage or
plateau, a pattern that has been observed in prior
residue studies (Dong et al. 2019; Tagliavini et al.
2007; Li et al. 2014; Rodriguez-Lizana et al. 2010).
The rapid initial K solubilization phase was not ini-
tially limited by the relatively high C:N ratio of fresh
hull/shell materials, which aligns with the literature.
The remaining fraction of residue K was released
more gradually over time, as complex plant struc-
tural components such as cellulose, hemicellulose,
and lignin decomposed (Rosolem et al. 2005; Cobo
et al. 2002). Composted and fresh hull/shell materi-
als displayed a similar K release pattern despite dif-
ferent initial C:N ratios. Data from these field trials
illustrate that within the first year after application,
K concentration in hull/shell amendments was neg-
atively correlated with cumulative water and time
while positively correlated with decomposition and
C:N ratio at Trial 1 and Trial 3 where only fresh hull/
shell materials were tested (Fig. 12). In other words,
as water and time increased, amendment K concen-
tration, net mass remaining, and C:N ratio of fresh
hull/shell amendments declined. Meanwhile at Trial
2, the C:N ratio of the composted hull/shell materi-
als remained relatively stable over time compared to
fresh hull/shell materials.
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Fig. 12 Correlations between K remaining (percent), time
(number of days), cumulative water (cm), C:N ratio, and
decomposition (percent remaining) using initial and final lit-
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Biological decomposition processes assisted in
plant cell lysis and K release over time. However,
since decomposition data is not readily available for
growers, utilizing cumulative water applied from irri-
gation and rainfall records presents a practical tool for
growers and researchers to understand and predict K
release from hull/shell amendments in the short-term
through solubilization. The amendment K model
using Trial 1 data illustrates K release as a function of
water applied in systems without additional K ferti-
lizer, while the model using Trial 2 data shows a more
gradual K decline likely due to the effects of low-rate
K fertigation events. However, alternate models for
K release may be needed where high K applications
are made through fertilizers and other amendments
in addition to hull/shell amendments. At Trial 3, hull/
shell K concentrations temporarily increased follow-
ing K fertilizer and compost additions, suggesting
that the amendment can temporarily retain applied K
before releasing it into the soil. Plant residues have
been shown to adsorb K during decomposition and re-
release stored K later in the season; nutshells such as
almond and pecan have high lignin content and func-
tional groups that favor cation adsorption (Andrews
et al. 2021). This capacity to retain and re-release K
did not persist beyond approximately 43 cm of cumu-
lative water after hull/shell application (5 months) at
Trial 3, despite ongoing K fertilizer applications.

Applying hull/shell amendments prior to win-
ter rains maximized K release. Fall application
enabled greater total K solubilization at Trial 1
due to higher cumulative water compared to the

Trial 3

1 1
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ter bag data from all trials. Trial 1 final data was collected at
258 days after application, Trial 2 final data at 240 days, and
Trial 3 data at 365 days
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Table 5 Soil XK changes and amendment K concentration changes from all sites

Trial Treatment Soil XK Changes Amendment %K Changes
Shortest Time to Water Initial & Final Dates Initial %K Final %K Water
Increase Soil XK Applied (cm) Applied
(cm)
1 Hulls 46 days 32 2/10/20—7/27/20 2.72 0.93 143
1 Hulls - - 11/12/20—6/26/21 2.07 0.68 553
1 Hull/shell Mix 46 days 32 2/10/20—7/27/20 291 0.59 143
1 Hull/shell Mix - - 11/12/20—6/26/21 223 0.76 155
2 Hull/shell Mix 41 days 1.6 10/14/20—6/11/21 1.53 0.34 98.4
3 Hull/shell Mix 16 days 25.4 10/7/20—10/7/21 1.84 0.09 478
1 Shells 46 days 32 2/10/20—7/27/20 1.54 0.77 143
1 Shells - - 11/12/20—6/26/21 1.85 0.77 155
2 Compost Mix 41 days 1.6 10/14/20—6/11/21 1.78 0.70 98.4

The Soil XK Changes columns show the shortest length of time before significant increases soil XK were observed in the upper
0-10 cm soil and corresponding water applied. The Amendment %K Changes columns show initial and final %K and corresponding
water applied. All Final %K averages were significantly lower than their corresponding initial %K average within each trial and time
frame. Trials 1, 2, and 3 were on clay, silty clay loam, and loam soil, respectively. Trials 1 and 2 were drip irrigated whereas Trial 3
was micro sprinkler irrigated. This table represents soil, amendment, and water dynamics within the irrigation wetted zone

previous mid-winter application (Table 5). Significant
decreases in hull/shell amendment K concentrations
occurred under approximately 3.3-25.4 cm (1.3-10
in) of cumulative water in the short term, while main-
taining the amendment layer with off ground harvest
enabled a 95% reduction in total K concentration
after one year. These findings align with prior stud-
ies showing that high K release rates from tree crop
residues can occur under high water applications,
such as 90% K solubilized from coffee residues under
approximately 30 mm of weekly simulated rainfall
for 40 weeks (Zoca et al. 2014) and 92% total K from
decomposing cacao husks saturated with water for
48 h (Hougni et al. 2021).

At all sites, soil XK in the upper 0-10 cm of soil
significantly increased under all amendments within
approximately the first 2-7 weeks (3.3-25.4 cm of
water in the irrigation wetted zone) across differ-
ent soil types and irrigation systems. After the first
amendment application, average soil XK in the upper
0-10 cm remained higher under all hull/shell amend-
ments compared to control soils through the follow-
ing fall, statistically significant only in some cases.
Treatment and Date both significantly affected soil
XK at all three sites.

In general, K moves relatively slowly through the
soil profile, unless in sandy soil or under excessive
water applications, and likely remained within the
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almond root zone in these soils. Occasionally, hull/
shell amended soils at depths below 10 cm were
found to have higher soil XK than control soils,
though inconsistent. At all sites, soil XK levels in the
upper 0-20 cm soil were above the sufficiency range
for almond orchards (Supplementary Table 10). Hull/
shell amendments led to significantly higher soil XK
despite high pre-existing levels at Trial 2. In Cali-
fornia almond orchards, fertilizer K is often banded
in almond orchards whereas hull/shell amendments
provide K inputs across the soil surface, which may
offer an advantage for root K uptake. In both cases,
water is required to solubilize applied K into the soil
where plant roots take up K in the monovalent cation
form (K™).

Amendments decomposed over time

Hull/shell amendment decomposition followed a
relatively linear decline in net mass remaining. The
off ground harvest treatment enabled longer-term
decomposition data collection that indicated the hull/
shell mix within the irrigation zone decomposed by
approximately half of its initial dry mass after one
year. While high plant residue C:N ratios tend to be
linked with slower decomposition over time (Dong
et al. 2019; Li et al. 2014), additional hull/shell char-
acteristics may influence decomposition rate. For
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instance, amendments applied in the fall of 2020 at
Trial 1 had relatively similar initial C:N ratios (65:1—
71:1), yet total decomposition was significantly
higher for hulls than the mix and shells. Almond hulls
contain bioactive compounds such as high sugar con-
tent, with approximately 18-30% soluble sugars by
dry weight (Prgomet et al. 2017; Aguilar et al. 1984;
Esfahlan et al. 2010). This suggests hulls could sup-
port a microbial community that includes decom-
posers, which may explain the observed greater net
decomposition.

At Trial 2, the hull/shell/manure compost had
lower net decomposition than the fresh hull/shell mix.
The composted material had a lower initial C:N ratio
which can be attributed to the nitrogen additions from
manure prior to composting. This amendment had
already undergone substantial microbial transforma-
tions during the composting process prior to applica-
tion, leaving materials with more recalcitrant compo-
nents to be applied in the field. In contrast, the fresh
hull/shell mix began the decomposition process in the
field and likely contained more simple C compounds
that were readily accessible by decomposers.

Amendments improved tree K status without
influencing yield

Applying the hull/shell amendments in the fall
increased soil XK during the following spring when
almond tree nutrient uptake commenced. This cou-
pling of K supply with the timing of annual tree K
demand suggests that hull/shell amendments can
serve the same function as K fertilizer. The rate of K
application should be based on expected yield, tree K
status, and soil K contribution with the goal of match-
ing K applied to K exported from the crop system at
harvest (Muhammad et al. 2018). Muhammad et al.
2018 found that different K fertilizer sources had no
effect on leaf K concentration or yield, suggesting K
from all sources were equally available. Regardless
of source, plants take up K as the monovalent cation.
Almond hulls/shells can be used as a K-rich organic
matter amendment that can release K, increase soil
XK, and improve leaf K status, thus replenishing crop
system K levels. Rather than exporting K in these
fruit tissues from the orchard, this practice provides
an opportunity to recycle a large fraction of stored
plant K annually to help meet tree K demand. This

K recycling practice can be used within a nutrient
budget approach to reduce reliance on mineral K fer-
tilizers and retain K within the crop system.

The degree to which hull/shell amendments may
increase July leaf K status was likely influenced by
the year and site-specific factors such as pre-existing
plant and soil K status, amendment rate, soil type, and
irrigation and fertilizer practices. Prior to trial estab-
lishment, soil XK levels were high at Trials 1 and 2,
all leaf K status was sufficient in 2021, and increases
in soil XK under amendments did not significantly
affect July tree leaf values that year. However, initial
soil XK and leaf K status were lower at Trial 3. This
room for improvement, the high application rate, and
site-specific factors could help explain the signifi-
cantly higher leaf K under the hull/shell amendment
within only one year at Trial 3. While few prior stud-
ies have investigated how nutshell amendments affect
mature tree leaf K, previous studies found increased
leaf K levels of young seedlings in potting media.
Blended coffee husk amendments incorporated into
nursery soil substrate at three rates significantly
increased cashew seedling leaf K after 20 weeks
(Nduka et al. 2015). Similarly, cashew seedlings
grown in soil substrates with incorporated cacao husk
amendments increased seedling leaf K after 16 weeks
and were proposed as a replacement for inorganic K
fertilizer (Agele and Agbona 2008).

While leaf K and Mg status fell within sufficiency
ranges at all sites, these nutrients were inversely cor-
related to varying degrees based on site and year.
This tradeoff between significant increases in leaf K
and significant reductions in leaf Mg occurred under
hull/shell amendments at two of the three trials. Since
competitive uptake has been shown to occur between
K and Mg when K is supplied at excessive rates, soil
cation balance and leaf tissue analyses can help grow-
ers monitor this dynamic and prevent Mg deficiency
(Xie et al. 2021).

These field trials occurred at relatively high-input,
intensive commercial almond orchards where initial
leaf K values were sufficient before trial establish-
ment. Yield effects would be more likely to occur in
orchard environments where yield is limited by fac-
tors that hull/shell amendments can improve. Prior
studies that found yields increased under nutshell
amendments have most often attributed yield effects
to increased soil water content and nutrient uptake
(Andrews et al. 2021). For instance, Jafari et al.
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(2012) found that almond shell mulch led to higher
yields and fruit quality in a rainfed water-limited
fig orchard. Macadamia husk mulch was found to
increase macadamia yield and foliar K levels (Nagao
et al. 1992; Lobel et al. 1994). Cacao husk amend-
ments have been shown to increase cacao seedling
growth (Oyewole et al. 2012). The effects of nutshell
residues on leaf nutrients, growth parameters, and
yield may be most apparent in seedlings, low-input
systems, and K-deficient orchards.

The small size and light weight of the hull/shell
materials (particularly shells) allowed them to largely
filter out during mechanical on ground pick up. Uti-
lizing catch frame harvest in 2022 at Trial 3 led to
significantly lower debris in yield samples (1-2%
total dry debris) than on ground harvest (8-15% total
dry debris), indicating that off ground harvest equip-
ment can lead to cleaner yield in both amended and
unamended plots. This demonstrates that off ground
harvest equipment in almond systems can reduce soil
disturbance, preserve the organic layer on the soil sur-
face, and produce cleaner yield samples regardless of
whether the soil is bare or amended.

Implementation

Hull/shell amendment K increased soil XK and tree
K status, achieving the same goals as traditional K
fertilizer products that are applied to raise depleted
soil XK levels and ensure sufficient almond K status
for optimum plant function and productivity (Reidel
et al. 2001, 2004). This practice can assist growers
in reducing reliance on external K fertilizer inputs
which are relatively high for California almond sys-
tems (Sumner et al. 2019). Growers can supplement
or substitute a portion of inorganic K fertilizer with
K supplied from hull/shell amendments. This practice
could be impactful in low-input systems, where ferti-
lizer is expensive, or where agricultural soil has been
depleted of K over time. All collaborating growers
expressed interest in replacing a portion of fertilizer
K with hull/shell amendment K in the future based on
the results of this research.

In K deficient orchards, the application rate can be
designed to help correct low soil XK levels and bring
plant K status into a safe range. Sampling to monitor
soil XK and leaf K levels can help guide annual appli-
cation rates. Once sufficient K status is observed, the
hull/shell application rate can be adjusted to maintain
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optimum soil and plant K levels while avoiding
excessive K inputs that could lead to Mg deficien-
cies. Using the nutrient budget approach, hull/shell
amendments can be applied at a rate that matches K
export from a given orchard. A hull/shell mix with a
high proportion of hulls will likely have a higher K
concentration than a predominately shell-based mix.
Since processors aggregate hull/shell materials from
many different almond orchards, achieving consist-
ent and precise annual K application rates through
amendments can be challenging. If a high degree of
precision is needed, stockpiled materials can be ana-
lyzed for K concentration prior to application. This
could help growers and researchers tailor amendment
application rates toward target K rates. Otherwise,
samples of applied materials can be used for esti-
mates of hull/shell K application rates in retrospect.

Applying hulls and shells as amendments offers
a strategy to assist the almond industry in working
toward the established 2025 goals of zero waste and
reduced harvest dust (Almond Board of California
2019). This recycling practice benefits processors by
providing a convenient outlet to relocate excess crop
residue promptly out of processing facilities, creat-
ing space for incoming materials. Growers at Trial 1
previously applied surplus hull and shell materials as
mulch along roadsides and in orchard alleys to ena-
ble machinery to access fields after rain and reduce
dust in the summer. Processors expressed the need
to move these materials out of the processing facil-
ity promptly and reduce the risk of mulch fires. Hull/
shell amendments could complement other almond
biomass recycling strategies that provide crop sys-
tem benefits, such as whole orchard recycling (Jahan-
zad et al. 2020, 2022). Off ground harvest equip-
ment eliminates the sweeping step at harvest which
produces dust. Off ground equipment such as catch
frames require appropriate engineering adjustments
to almond orchard specifications (e.g., tree spacing,
scaffold branch height) to avoid trunk damage and
ensure the crop is funneled effectively out of the tree
row into the alley.

Further research is needed to assess the effects of
integrating hull/shell amendments with other agroe-
cosystem-oriented nutrient management practices that
can help match nutrient supply with crop demand. For
instance, growing evidence supports the use of cover
crops, reduced soil disturbances, and livestock inte-
gration in almond orchards (Fenster et al. 2021; Soto
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et al. 2021; Martinez-Mena et al. 2020). Minimiz-
ing orchard soil surface disturbance can promote an
organic layer on the soil surface in orchard systems,
which can enhance nutrient cycling and availability
(Andrews et al. 2021). Off ground harvest preserves
the hull/shell layer, enabling more complete K solubi-
lization while building an organic layer on the orchard
soil. This undisturbed organic layer can be managed to
optimize nutrient cycling benefits provided by organic
matter such as leaf litterfall, hull/shell materials, shred-
ded pruning mulch, cover crop residues, compost, and
other regionally available organic materials. Long-
term trials are needed to examine effects of hull/shell
amendments on tree nutrient status, water manage-
ment, tree physiology, soil microbial responses, soil
fertility, and soil structure.

Conclusion

These field trials provide strong evidence that
almond hulls and shells are viable materials that
can be used as K-rich organic matter amendments
applied on orchard soils. Almond hull/shell amend-
ments rapidly solubilize K under water application,
increase soil exchangeable K levels, and increase
tree leaf K status to varying degrees within the first
1-3 years. Growers can tailor amendment applica-
tion rates based on the target leaf K and soil XK
levels. For orchards with sufficient K status, this
practice can be used to maintain K by replacing the
estimated amount of K exported at harvest. While
no tree Mg deficiencies were found in these trials,
high K inputs through hull/shell amendments may
occasionally compete with Mg. Decomposition
rates of fresh hull/shell amendments were relatively
linear and total decomposition was higher for hulls
than shells. While fresh and composted hull/shell
materials began with different initial C:N ratios,
they displayed similar K release patterns and both
significantly increased soil XK. Total hull/shell K
release and total decomposition can be maximized
by using off ground harvest to maintain the amend-
ment layer over time, rather than disturbing it with
on ground harvest. This organic matter amendment
presents an opportunity to recycle hull/shell K,
increase soil and plant K status, and reduce reliance
on K fertilizers.
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