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Abstract: Cover cropping is a best management practice that can improve soil quality by reducing
soil erosion, building soil organic matter (SOM), and improving soil nutrient availability. Southwest
(SW) Florida citrus growers have the challenge of growing citrus in sandy soils characterized by
low organic matter (<2%), extremely low water and nutrient-holding capacities, and high sand
content (>90%), and therefore are looking for methods to improve SOM and nutrient retention and
availability in sandy soils. A trial of two cover crop (CC) mixtures planted in the row middles (RM)
of Huanglongbing-affected citrus ‘Valencia’ (Citrus sinensis (L.) Osbeck) orchards in sandy soils in
SW Florida was conducted. This study explored how incorporating CCs in the RM of the orchards
could affect soil ammonium (NH4

+), soil nitrate (NO3
−), exchangeable macronutrients, and SOM

temporal availability. These parameters were measured under the tree canopy (UC) and within RM
of two orchards: South Grove (SG) and North Grove (NG), both located in SW Florida. The two
seeded CC mixtures were legume + non-legume (LG+NL) and non-legume (NL) and were compared
to a control no-CC grower standard (GSC). Phosphorus, calcium, magnesium, and NH4

+ were not
statistically significantly different among treatments in either of the two sampling positions (UC and
RM). Cover cropping significantly (p < 0.05) increased NO3

−-N concentrations in the RM area of the
citrus orchards after seven consecutive seasons (brassicas, legumes, and grasses) by 31% in the LG +
NL and 29% in the NL with reference to the GSC. In addition to the significant increase in NO3

−N,
SOM significantly (p < 0.05) increased in the RM in the NG site only in both CCs treatments by 17%
and 16% for LG + NL and NL treatments, respectively, compared with GSC.

Keywords: Citrus sinensis; site-specific nutrient management; sustainable agriculture

1. Introduction

Cover crops (CCs) planted in the row middles of citrus orchards can help reduce soil
erosion, attract beneficial insects (pollinators), suppress weeds (reduce weed seed bank),
build soil organic matter, improve nutrient availability, increase soil water retention, and
enhance soil microbial activities [1–4]. Cover cropping has gained popularity among citrus
producers as different CCs can provide ecosystem services to agricultural systems. For
example, legumes can create a symbiotic relationship with nitrogen-fixing microorganisms
in the soil. This relationship is significant because it is estimated that a plant can obtain more
than 60% of its N requirements from a biological origin, primarily ascribed to symbiotic
relationships such as legumes–soil microorganisms [5].

Grasses can also be a beneficial addition to a CC mix. The pathway of photosynthesis
for grasses influences CC growth. C3 grasses, for example, are better adapted to cooler
climates, while C4 grasses can grow in high temperatures and arid conditions. The majority
of warm-season grasses used as CCs are C4 grasses. However, the type of grass chosen for
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a CC mix should depend on the site-specific climatic conditions and soil type. Plants in the
Brassicaceae family can also be part of a CC mix for perennial cropping systems. The main
benefits provided by these plants are weed suppression and decreased soil compaction.
The quantity of N and carbon (C) that a CC adds to perennial agricultural systems is
determined by soil type, moisture, temperature, and microbial activity, as well as the
CC species, residue quality, and environmental conditions [6,7]. Franzluebbers et al. [8]
estimated that the amount of N in cowpea plants at seven weeks was double that of the
plants at five weeks old, demonstrating the fast N accumulation capacity in the plants.

However, there is a lack of comprehensive understanding of the impact of cover
cropping on temporal nutrient availability and distribution. Wang et al. [9] reported that
cover cropping did not affect soil nutrient concentration after four years (NH4

+ and P,
0–60 cm soil depth); however, cover cropping for 4 and 8 years significantly increased
NO3

−-N in the 40–60 cm soil layer, and cover cropping for 8 and 13 years increased soil
total nitrogen, NH4

+, SOM and P nutrient content in soil layer at 0–60 cm depth. There is
little to no literature on the effect of cover cropping on temporal availability and nutrient
distribution in sandy soils in citrus production with HLB-affected trees with subtropical
conditions such as the ones in Florida.

Florida citrus producers have many production challenges, including very sandy soils
with low water and nutrient-holding capacities [10]. The organic matter content of these
soils is also extremely low, typically < 2% [11]. These characteristics make it difficult for
citrus producers to retain water and nutrients within the root zone. Also, research has
shown that Huanglongbing (HLB) disease, endemic to Florida citrus, causes a reduction in
soil microbes that are key for N availability [12].

Soil health in citrus is more critical than ever because of the severe loss of roots on citrus
trees due to HLB, also known as citrus greening. Cover crops could potentially improve cit-
rus orchard soil health by enhancing the soil’s chemical, biological, and physical properties,
which could have a positive impact on crop yield and overall citrus productivity [2,13].

One of the critical components of a healthy soil is the organic matter (SOM) content. The
production of SOM is highly affected by soil microbial communities and activity, as well as
soil C and N, water, pH, and plant species [14]. To improve SOM and therefore soil health, the
USDA National Resource Conservation Service (NRCS) recommends: (1) keeping soil covered
most of the year, (2) increasing plant diversity, and (3) reducing soil disturbance [15]. Points
one and two above can be achieved by planting cover crops in row middles of citrus orchards.

Chemical, physical, and biological indicators can provide information on changes in
soil health status [16]. Physical indicators include aggregate stability, soil crusts, water-
holding capacity, and soil erosion. Chemical indicators include total N, soil electric conduc-
tivity, pH, and extractable potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), and
phosphorus (P). Finally, biological indicators can include microbial biomass (respiration),
SOM, macrofauna abundance and diversity, and weed seed bank [14,17]. Changes in SOM
can indicate an improvement in nutrient retention and a reduction in soil erosion. Changes
in physical indicators such as bulk density and soil structure can indicate improvements
in the soil water-holding capacity [18]. However, the time it takes to see changes in soil
health indicators varies. Some soil indicator changes, such as microbial biomass and en-
zyme activities, will be noticed in the short-term (months). In contrast, other soil indicator
changes take longer (years). Long-term soil indicators include bulk density, SOM, and soil
total C [16].

Researchers have shown that CCs have the potential to increase nutrient availability
and maintain or increase SOM levels, and therefore enhance soil health [2,4,19]. However,
there is generally a lack of information on the impact of CC mixes (grasses, brassicas, and
legumes) on perennial systems (e.g., citrus) in sandy soil conditions on nutrient availability
and SOM.

This study aimed to evaluate the impact of two CC mixes: legumes + non-legume
(legume, brassicas, and grasses) vs. non-legume (brassicas and grasses) planted in HLB-
affected citrus orchard row middles on soil macronutrients and SOM. It was hypothesized
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that CC mixes would increase available macronutrients (ammonium-N (NH4
+-N), nitrate-N

(NO3
−-N), P, K, Mg, and Ca) and SOM compared with row middles managed using the citrus

grower standard practices (no-cover cropping along with herbicide applications and mowing).

2. Materials and Methods
2.1. Study Site

This study was conducted in two Southwest Florida commercial orange orchards
(North Grove lat. 26.50865◦ N; long. 81.3898◦ W and South Grove lat. 26.426826◦ N, long.
81.226163◦ W). The distance between the orchards is approximately 32 km (Supplementary
Figure S1) and both are in Collier County, Florida, USA. ‘Valencia’ (Citrus sinensis (L.)
Osbeck) budded onto Swingle rootstock (Citrus paradisi Macf. × Poncirus trifoliata) trees
that were planted in 1991. The climate of the experimental site is classified as tropical
savanna [20], with the highest rainfall observed between June and October. Winter (Novem-
ber to February) and Spring (March to May) seasons are low in precipitation. Average
rainfall for the ten days after CC planting is presented in Figure 1 using data obtained from
the Florida Automated Weather Network (https://fawn.ifas.ufl.edu/data/, accessed on
20 August 2022). Cover crops at the two citrus orchards (hereafter referred to as North
and South Grove) were planted approximately ten days apart. The average total rainfall,
temperature, soil temperature (−10 cm), and evapotranspiration (ET) were calculated for
the following time periods: 2018 (August to December), 2019 to 2021 (January to December),
and 2022 (January to April) (Figure 2).
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Figure 2. Average temperature (A), rainfall (B), soil temperature at 10 cm depth (C), and evapotran-
spiration (ET) (D). Averages were calculated as follows: 2018 (August to December), 2019 to 2021
(January to December), and 2022 (January to April) for both groves (North Grove and South Grove).
Data were obtained from Florida Automated Weather Network (https://fawn.ifas.ufl.edu/data/,
accessed on 20 July 2022).

According to the United States Department of Agriculture, Natural Resource Conserva-
tion Service (USDA-NRCS), the soil in North Grove (NG) is classified as sandy and siliceous
hyperthermic Arenic Alaquods [20,21]. This is an Immokalee fine sand with slopes between
0 and 2% and poorly drained, belonging to the order Spodosol [20,21] (Supplementary
Figure S2). The soil at the South Grove (SG) experimental site is classified as loamy, active,
and siliceous hyperthermic Grossarenic Endoaqualfs. This is a Holopaw fine sand of the
order Alfisol. The slopes are between 0 and 2% and are poorly drained soils.

2.2. Experimental Design and Management

This field trial was conducted from August 2018 to September 2021. Treatments were
arranged in a randomized block design with 12 replicates per treatment. Each replicate
plot consisted of two beds with 52 citrus trees per bed. The row middle width was 3 m,
and the distance from the end of the row middle to the trunk of the citrus tree was 2 m
(Supplementary Figure S3). The spacing between trees within rows was 3.8 m and between
rows was 7.3 m in the North Grove; spacing was 3.3 m between trees within rows and
6.7 m between rows in the South Grove. Two CC mixes were evaluated at each orchard:
legume + non-legume (LG + NL; brassicas, legumes, and grasses) and non-legume only
(NL; brassicas and grasses). The same species of non-legume CCs were used for both
treatments (LG + NL and NL). The CCs were planted twice during the year, in the summer
and fall seasons. Table 1 describes CC mixes, planting months, and seeding rates.

https://fawn.ifas.ufl.edu/data/
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Table 1. List of cover crops planted by season and total seeding rate. Two cover crop treatments were tested: a legume and non-legume mix (LG + NL) and a
non-legume mix (NL). Cover crops were planted in 2018, 2019, 2020, and 2021 in summer/fall and spring seasons in the months indicated.

Treatment Category of
Cover Crop §

October
2018

January
2019

June
2019

November
2019

May
2020

November
2020

June
2021

November
2021

Seeding Rate
kg ha−1

LG + NL

Legumes

Crotalaria juncea L.,
Sesbania grandiflora L.

Poir., Alysicarpus vaginalis
L. DC., Trifolium

incarnatum L., Melilotus
officinalis L. Lam

Helianthus
annuus L.,

T. repens L., T.
incarnatum L.

C. juncea L.

C. juncea L., S.
grandiflora L., A.

vaginalis L., T.
incarnatum L., M.
officinalis L. Lam

C. juncea L., S.
grandiflora L., A.

vaginalis L., T.
incarnatum L., M.
officinalis L. Lam

C. juncea L.,
Pisum sativum L.

C. juncea L.,
Vigna

unguiculata L.
Walp.

C. juncea L. 50–100

Non-legumes
Raphanus sativus L., Avena
sativa L., Secale cereale L.,

Panicum miliaceum L.

R. sativus L., S.
cereale L.,

Fagopyrum
esculentum

Moench

F. esculentum M.,
P. miliaceum L.,
Urochloa ramosa

(L.) T. Q. Nguyen

R. sativus L., A.
sativa L., S.
cereale L., P.
miliaceum L.

R. sativus L., A.
sativa L., S.
cereale L., P.
miliaceum L.

R. sativus L., A.
sativa L., S.
cereale L.

F. esculentum M.,
Urochloa ramosa

(L.) T. Q. Nguyen

R. sativus L., A.
sativa L.,

S. cereale L.
150–200

NL Non-legumes R. sativus L., A. sativa L., S.
cereale L., P. miliaceum L.

R. sativus L., S.
cereale L., F.

esculentum M.

F. esculentum M.,
P. miliaceum L.,
Urochloa ramosa

(L.) T. Q. Nguyen

R. sativus L., A.
sativa L., S.
cereale L., P.
miliaceum L.

R. sativus L., A.
sativa L., S.
cereale L., P.
miliaceum L.

R. sativus L., A.
sativa L., S.
cereale L.

F. esculentum M.,
Urochloa ramosa

(L.) T. Q. Nguyen

R. sativus L., A.
sativa L.,

S. cereale L.
150–200

§ The cover crops (CCs) used were pre-mixed. The seeding rate used was the one suggested by the manufacturer of the planter and was 50–100 kg ha−1. Different pre-mixed CCs were
used for each season.
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Cover crops were only planted in the row middles of the orchards using a no-till drill
and appropriate row spacing (Supplementary Figure S3). A grower standard practice with
no-cover crops was used as a grower standard control (GSC). The GSC followed standard
grower practices for weed management: herbicide applications were made under the tree
canopy and the row middles approximately every four months (0.84 kg active ingredient
(a.i.) ha−1 paraquat (1,1′-dimethyl-4,4′-bipyridylium ion)). The CCs were terminated by
mowing before every new planting. After CCs were mowed, the residues were incorporated
through superficial tillage (John Deere rotavator (John Deere, Moline, IL, USA)) into the
topsoil up to 10 cm soil depth. Both orchards followed commercial citrus production
practices for fertilizer and irrigation [22]. The trees were irrigated with a 40.5 L h−1 micro-
sprinkler (Maxijet, Dundee, FL, USA) emitter located at the soil surface 1 m from the trunk
of the citrus trees. The water utilized for irrigation was fresh groundwater with no issues of
salinity. Nitrogen fertigation was conducted for a total application of 260 kg N ha−1 year−1

(Diamond R Fertilizer, Winter Garden, FL, USA) using NH4NO3. Liquid fertilizer included
calcium nitrate, potassium chloride, phosphoric acid, calcium sulfate, magnesium sulfate,
and the micronutrients manganese, boron, zinc, and iron of sulfate or nitrate source. The
row middles where the CCs were planted and the GSC were not fertilized or irrigated. The
methods of this work are complementary to the papers published by [23,24]

2.3. Determination of Soil Nutrient Concentration

Baseline soil samples were collected prior to planting cover crops to determine soil
nutrient concentrations (NH4

+-N, NO3
−-N, P, K, Mg, and Ca) and SOM in the row middles.

Soil nutrient concentration and SOM were then measured annually (August 2019, 2020,
and 2021). Soil samples were collected from 10 randomly selected trees/replicates in the
row middles and 30 cm from the citrus tree trunk to provide two pooled soil samples for
each replicate.

Soil samples were collected from 0–20 cm (top) to create a composite sample of about
0.45 kg. To prevent possible N losses, the collected soil samples were stored for transport
on ice and then transferred to a freezer at the UF/IFAS Citrus Research and Education
Center (CREC), where they remained until they were analyzed for total ·macronutrients
(NH4

+-N, NO3
−-N, P, K, Mg, and Ca) following the methods outlined in UF/IFAS guide-

lines [21]. Ammonium-N and NO3
−-N were determined using a 2 moles/L KCl extraction

method [23], and extracts were measured on a flow injection analyzer (QuikChem 8500,
Lachat Co., Aurora, CO, USA). Potassium, P, Mg, and Ca were analyzed using the Mehlich-
3 (M-3) soil extraction method [22]. Mehlich-3 K, P, Mg, and Ca were measured using the
Inductively Coupled Plasma (ICP)-Optimal Emission Spectrometer Optima 7000DV (Perkin
Elmer Co., Akon, OH, USA). SOM was determined using the loss-on-ignition method [25].

2.4. Cover Crop Density Assessment

The density of CCs was measured in NG in March 2019, August 2019, July 2020,
and September 2021. Similar measurements were performed in SG on the same dates
except for the first sampling in March 2019, when no sampling was conducted due to poor
germination of the CCs. A 1 m2 quadrant was randomly placed in the row middle of
each plot to carry out the weed and CC counts. Weed and CC data were collected from
3 quadrants per replicate.

2.5. Statistical Analyses

Response variables were analyzed on a plot mean basis using linear mixed model
methodology implemented in SAS® PROC GLIMMIX (SAS/STAT 15.1; SAS Institute,
Cary, NC, USA). The site, CC, sampling date, and all two- and three-way interactions
were considered fixed effects. Replicate within the site was the sole G-side random effect.
The repeated nature of the experiment (measuring the same experimental unit over time)
necessitated modeling the residual covariance structure. The unstructured covariance was
chosen based on Akaike’s Information Criterion (AICC) and the residual plots. Irrespective
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of the F-test results, the three-way-interaction means were calculated, and CC treatments
(legume, non-legume) were compared to each other and the untreated control using a
simple t-test within each site × sampling date combination (p-values ≤ 0.05).

3. Results and Discussion

Cover cropping (LG + NL and LG treatments) significantly increased the soil NO3
−-N

concentration compared to GSC treatment only in the row middles in the North Grove site
after three years (Figure 3). Planting NL and LG + NL also significantly increased SOM values
compared to the GSC treatment only in the row middles of the North Grove site (Figure 4).
However, there were no statistical differences in soil NH4

+-N, P, K, Mg, and Ca concentrations
for LG + NL, NL, and GSC for any of the site (North and South Grove) and sampling locations
(tree canopy and row middle; Supplementary Figures S4–S8 and Table S1).

Our study found that planting cover crops (LG + NL and NL) increased NO3
−-N

concentrations in the row middle area of the citrus orchards after seven consecutive cover
crop (brassicas, legumes, and grasses) plantings by 31% with the LG + NL treatment and
29% with the NL treatment compared with the GSC treatment (Figure 4). These increases
were similar to those observed in N availability due to cover cropping with legumes and
mixes of non-legume and legume cover crops [24]. In our study, the increase in NO3

−-N
was only observed in the row middles and not under the tree canopy. This could be because
CCs were only planted in the row middles of the orchards, where the CCs provided enough
N input compared with the GSC, which was characterized by abundant natural vegetation
common in the area (weeds). However, in our study, cover cropping did not provide an
increase in NH4

+-N. This may be because N contributed by the cover crops could have been
rapidly mineralized to NH4

+-N and then to NO3
−-N due to the favorable conditions for

mineralization in these soils (high temperatures avg. above 25 ◦C and good moisture) [25].
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Figure 3. Soil nitrate–nitrogen concentration in the row middles and under the tree canopy in the
North and South Groves. Treatments include legume + non-legume (LG + NL), non-legume (NL), and
no cover (control, no-cover cropped). Error bars represent 95% confidence limits based on 12 replicates.
Treatments within a cell sharing a given letter are not statistically different at p≤ 0.05 based on the least
significant difference (LSD) (simple two-sample t-test).
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Groves. Treatments include legume + non-legume (LG + NL), non-legume (NL), and no cover (control,
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within a cell sharing a given letter are not statistically different at p≤ 0.05 based on the least significant
difference (LSD) (simple two-sample t-test).

Nitrate is the preferred N form absorbed by citrus [26,27]. Nitrogen is an essential
macronutrient for citrus tree production that impacts tree growth, fruit yield, and quality,
and it is one of the nutrients that is more absorbed and accumulated by citrus trees [28–30].
Adequate levels of N aid the tree in fighting abiotic and biotic stress [26,27,31–33]. The
measured increase in NO3

−-N in the row middles due to cover crops could potentially favor
citrus tree performance. However, in this study, an increase in yield was not observed for any
of the three seasons (2019–2020, 2020–2021, 2021–2022) [34]. A more in-depth study should
be conducted to evaluate the correlation between citrus tree root length and nutrient uptake
from row middles, as one of the main effects of HLB is the drastic root mass reduction,
which could diminish the NO3

−-N uptake in the row middles by the citrus trees.
In addition to the significant increase in soil NO3

−-N, we also measured an increase
of SOM in the row middles in only the North Grove site for both CC treatments: 17%
and 16% for LG + NL and NL treatments, respectively, compared with GSC (Figure 4).
Steenwerth and Belina observed similar results in a vineyard intercropped with CCs where
they measured an increase of SOM in the row middles of vineyards where CCs were
planted [35]. Oliveira et al. observed a positive effect on SOM due to the incorporation of
CCs (grasses and legumes) in the row middles of citrus orchards in Brazil [36]. Similarly,
Repullo-Ruibérriz et al. found SOM increased due to cover crops in the row middles
of olive orchards [37]. The increase in SOM in the row middles can be attributed to
better CC germination and establishment as CC density for the majority of the study was
significantly higher in NG compared to SG (Figure 5). This illustrates that CCs are not one-
size-fits-all. Other factors that could have also influenced SOM increases with cover crop
treatments could be the higher dry matter accumulation produced by the CCs, CCs plant
root litter, an increase in residue diversity composition [38,39], and adequate rainfall, soil
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moisture, and temperature, which may have promoted faster decomposition. In general,
the decomposition of CC material can be affected by soil temperature and water content
present in the soil, CC species and age, management practices (e.g., termination method),
soil type and texture, weather conditions, microbial activity and diversity, and residue
placement [6,40–44].
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Figure 5. Cover crop density in row-middles of HLB-affected trees in March and August 2019, July
2020, and September 2021. Treatments include legume + non-legume (LG + NL) and non-legume
(NL). South Grove results for March 2019 are not shown due to a lack of germination of cover crops at
this site. Error bars represent 95% confidence limits based on 12 replicates. Groves (North and South)
within a cell sharing a given letter are not statistically different at p ≤ 0.05 based on the least squares
difference (LSD) (simple two-sample t-test).

Greater precipitation and cover crop biomass differences likely contributed to the
increases in soil NO3

−-N and SOM observed only at one of the sites (NG) compared with
SG (Figures 1 and 5). In addition to the differences in precipitation (Figure 1), low soil
moisture [45], soil type, soil-to-seed contact at CC planting [46], grower management
practices [47] (each site had different managers), and initial SOM content may have also
played a role in the different results between the two locations. In particular, the SOM
in NG was higher at the start of the trial compared to SG (Table 2), which could have
contributed to the greater germination success in the NG.
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Table 2. Soil properties of two citrus orchards in Southwest Florida, USA, treated with cover crops
legume + non-legume (LG + NL) and non-legume (NL) compared with the control non-cover cropped
(GSC). Presented values are baseline soil sample measurements taken before seeding the cover crops
(2018) and soil samples taken after seven consecutive cover cropping plantings (2021).

Site
North Grove South Grove

Treatment
Soil Properties LG + NL NL GSC LG + NL NL GSC

Baseline
2018

3-year
2021

Baseline
2018

3-year
2021

Baseline
2018

3-year
2021

Baseline
2018

3-year
2021

Baseline
2018

3-year
2021

Baseline
2018

3-year
2021

NH4
+-N (mg kg−1) 6.2 6.3 5.6 4.7 4.6 4.61 NA 2.8 NA 3.3 NA 2.9

NO3
−-N (mg kg−1) 2.2 7.6 2.6 7 2.3 4.9 2.7 1.8 2.8 1.1 3 1.2

P (mg kg−1) 950 360 909 477 869 441 79 59 88 55 91 53
Ca (mg kg−1) 4428 2457 3995 2672 3752 2758 576 921 524 549 703 700
Mg (mg kg−1) 337 254 316 245 313 246 50 44 48 43 57 45

Organic Matter (%) 2.88 3.41 2.79 3.39 2.29 2.5 0.7 1 0.8 0.9 0.7 1.1

NA: ammonium was not available.

4. Conclusions

This study demonstrated that CC mixtures of legumes, brassicas, and grasses in-
creased NO3

−-N concentrations by 29 to 31% (p ≤ 0.05) and SOM by 16 to 17% (p ≤ 0.01)
compared with the grower standard in citrus row middles in Florida sandy soils after seven
consecutive CC growing seasons. The increase in NO3

−-N and SOM was only observed in
one of the citrus orchards (NG) due to a lower CC germination in the second site (SG) that
can be attributed to several abiotic and biotic differences at these locations.

This research provided valuable insight into multispecies of CCs that can be incorpo-
rated into citrus production in Florida sandy soils. Future research needs to be conducted to
evaluate CC growth patterns by season in Florida sandy soils and the effects of CC species,
seeding rate per species in the CC mixture, termination method, and incorporation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae9101160/s1, Figure S1: The geographic loca-
tion of North Grove and South Grove. The approximate distance between groves is 32 km. Collier
County, Immokalee, Florida, US. Source: National Oceanic and Atmospheric Administration (NOAA);
Figure S2: Soil order for each site (North and South Grove). (A) North Grove soil order—Spodosol.
(B) South Grove soil order—Alfisol. Source: United States Department of Agriculture (USDA)-Natural
Resources Conservation Service (NRCS), Environmental Systems Research Institute, Inc. (Esri). Soft-
ware: ArcGIS Pro version 3.0.1; Figure S3: North Grove site. Cover crops were only planted in the
row middle area. The row middle width was 3 m, and the distance from the row middle to the trunk
of the citrus trees was 2 m. Photo courtesy of Dr. Sarah Strauss and Dr. Antonio Castellano-Hinojosa;
Figure S4: Soil ammonium-nitrogen concentration in the row middles and under the tree canopy
in the North and South Groves. Treatments included legume (LG + NL), non-legume (NL), and no
cover (control, no-cover cropped). Error bars represent 95% confidence limits based on 12 replicates.
Treatments within a cell sharing a given letter are not statistically different at p ≤ 0.05 based on the
least significant difference (LSD) (simple two-sample t-test); Figure S5: Soil phosphorus concentration
in the row middles and under the tree canopy in the North and South Groves. Treatments include
legume (LG + NL), non-legume (NL), and no cover (control, no-cover cropped). Error bars represent
95% confidence limits based on 12 replicates. Treatments within a cell sharing a given letter are not
statistically different at p ≤ 0.05 based on the least significant difference (LSD) (simple two-sample
t-test); Figure S6: Soil potassium concentration in the row middles and under the tree canopy in
the North and South Groves. Treatments include legume (LG + NL), non-legume (NL), and no
cover (control, no-cover cropped). Error bars represent 95% confidence limits based on 12 replicates.
Treatments within a cell sharing a given letter are not statistically different at p ≤ 0.05 based on the
least significant difference (LSD) (simple two-sample t-test); Figure S7: Soil magnesium concentration
in the row middles and under the tree canopy in the North and South Groves. Treatments include
legume (LG + NL), non-legume (NL), and no cover (control, no-cover cropped). Error bars represent
95% confidence limits based on 12 replicates. Treatments within a cell sharing a given letter are not

https://www.mdpi.com/article/10.3390/horticulturae9101160/s1
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statistically different at p ≤ 0.05 based on the least significant difference (LSD) (simple two-sample
t-test); Figure S8: Soil calcium concentration in the row middles and under the tree canopy in the
North and South Groves. Treatments include legume (LG + NL), non-legume (NL), and no cover
(control, no-cover cropped). Error bars represent 95% confidence limits based on 12 replicates. Treat-
ments within a cell sharing a given letter are not statistically different at p ≤ 0.05 based on the least
significant difference (LSD) (simple two-sample t-test); Table S1: Analysis of variance (ANOVA) for P,
Ca, Mg, NH4+-N, NO3

−-N, and organic matter (OM) concentration in the soil.
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