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Different cover crops have a 
limited impact on marketable 
yields and biogeochemical cycling 
but secondary effects on 
pollinators and plant-parasitic 
nematodes in Florida organic 
vegetable systems
John Allar 1, Rachel Mallinger 2, Chang Liu 2, Zane Grabau 2 and 
Gabriel Maltais-Landry 1*
1 Department of Soil, Water, and Ecosystem Sciences, University of Florida, Gainesville, FL, United States, 
2 Entomology and Nematology Department, University of Florida, Gainesville, FL, United States

Cover crops are typically grown during the summer in Florida’s organic vegetable 
systems, where they can affect nutrient cycling, soil health, and pests/pollinators. 
We  compared the effects of five summer cover crops and a weedy fallow on 
marketable yields and the cycling of phosphorus, potassium, and carbon. Weed, 
nematode, and insect pollinator abundance were also monitored to measure any 
secondary impacts of cover cropping. Cover crops included monocultures of sunn 
hemp or sorghum sudangrass, a sunn hemp and sorghum sudangrass biculture, a 
three species mixture (biculture plus buckwheat), and a five species mixture (three 
species mixture plus cowpea and sunflower). In both 2018 and 2019, cover crops 
were planted in June and terminated in August, and bell peppers were grown 
from August until December. Marketable yields were greater with the tree and five 
species mixtures relative to the biculture in 2018, with no effects of cover crops 
on yields in 2019. Phosphorus and potassium accumulation was typically greater 
with cover crops than in the weedy fallow, but cover crops did not affect pepper 
nutrient accumulation or soil concentrations. Similarly, differences in carbon 
accumulation (lowest in sorghum sudangrass monoculture and weedy fallow) 
did not affect soil organic matter, soil total carbon or permanganate-oxidizable 
carbon. When analyzed as part of a radar plot analysis, cover crops helped manage 
summer weeds and root-knot nematodes in 2019, but the sorghum sudangrass 
monoculture increased sting nematodes; only the three and five species mixtures 
benefitted pollinators as buckwheat was the only cover crop that flowered in 
this study. Overall, cover crops had a limited effect on marketable yields and 
biogeochemical cycling but had more important secondary effects on pests and 
pollinators.

KEYWORDS

phosphorus, potassium, legume, grass, buckwheat

OPEN ACCESS

EDITED BY

Johann G. Zaller,  
University of Natural Resources and Life 
Sciences, Austria

REVIEWED BY

Sharon Weyers,  
Agricultural Research Service (USDA), 
United States 
Gabor L. Lovei,  
Aarhus University, Denmark

*CORRESPONDENCE

Gabriel Maltais-Landry  
 maltaislandryg@ufl.edu

RECEIVED 20 January 2023
ACCEPTED 03 July 2023
PUBLISHED 26 July 2023

CITATION

Allar J, Mallinger R, Liu C, Grabau Z and 
Maltais-Landry G (2023) Different cover crops 
have a limited impact on marketable yields and 
biogeochemical cycling but secondary effects 
on pollinators and plant-parasitic nematodes in 
Florida organic vegetable systems.
Front. Sustain. Food Syst. 7:1148866.
doi: 10.3389/fsufs.2023.1148866

COPYRIGHT

© 2023 Allar, Mallinger, Liu, Grabau and 
Maltais-Landry. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

TYPE Original Research
PUBLISHED 26 July 2023
DOI 10.3389/fsufs.2023.1148866

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2023.1148866&domain=pdf&date_stamp=2023-07-26
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1148866/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1148866/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1148866/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1148866/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1148866/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1148866/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1148866/full
mailto:maltaislandryg@ufl.edu
https://doi.org/10.3389/fsufs.2023.1148866
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2023.1148866


Allar et al. 10.3389/fsufs.2023.1148866

Frontiers in Sustainable Food Systems 02 frontiersin.org

1. Introduction

Cover crops can replace fallow periods in both organic and 
conventional crop rotations to provide a single or multiple ecosystem 
service (s) or function (s). For example, cover crops can prevent soil 
erosion and retain residual soil nutrients (Cherr et al., 2006a) and they 
can also affect soil physical and chemical properties, such as soil 
organic carbon (SOC) and soil aggregates (Ruis and Blanco-Canqui, 
2017). Cover crops can help with weed management by controlling 
weeds through competition and shading (Baraibar et  al., 2017), 
allelopathy (Reberg-Horton et al., 2005), and/or physical suppression 
when residues are left on the surface as a mulch (Linares et al., 2008). 
Cover crops can also affect the abundance of pests such as nematodes 
(Barker and Koenning, 1998; Crow et  al., 2001), and beneficial 
organisms such as pollinators (Wilson et al., 2017; Mallinger et al., 
2019). In contrast, cover crops have more modest effects on yields, 
with benefits often restricted to systems where nutrient inputs are 
below recommendations (Cherr et al., 2006b) or benefits observed 
only for early season marketable yields (Li et al., 2021). Ultimately, as 
cover crops affect agroecosystems in several ways, it is critical to 
evaluate multiple indicators simultaneously to understand their 
overall impact (Schipanski et al., 2014).

Cover crops affect nutrient cycling by taking up significant 
amounts of essential nutrients from the soil, including phosphorus (P) 
and potassium (K) that cannot be supplied from atmospheric sources 
like nitrogen. Cover crops can increase soil nutrient availability by 
promoting the conversion of soil P and K into forms that are more 
readily available for plant uptake, and by reducing losses through 
uptake before nutrients are lost via erosion, runoff and/or leaching 
(Maltais-Landry et al., 2014; Gao et al., 2022). Thus, cover crops can 
improve P retention (Maltais-Landry et al., 2015), and they can also 
decrease K losses and increase internal K cycling (Rosolem and 
Calonego, 2013). In order to maximize nutrient cycling benefits, cover 
crop residues must be  mineralized prior to nutrient uptake by 
subsequent cash crops. However, synchronizing nutrient release from 
residues with cash crop uptake is complex and affected by several 
factors, including residue quality and soil type (Damon et al., 2014; 
Maltais-Landry and Frossard, 2015). Residue decomposition is also 
affected by the specific cover crop used, e.g., greater P benefits when 
using legumes in low P soils (Hallama et al., 2019), emphasizing the 
context-specificity of cover crop effects on nutrient cycling.

Cover crops also affect soil carbon cycling, including impacts on 
soil organic matter (SOM) and SOC that are critical components of 
soil health/quality, nutrient cycling, and soil structure (Kibblewhite 
et al., 2008). As several intensive and widespread agricultural practices 
(e.g., tillage, fertilization) can significantly reduce SOM (Guo and 
Gifford, 2002; Jensen et al., 2020), cover crops can help maintain and/
or increase SOM in depleted soils by increasing carbon inputs 
(Blanco-Canqui et al., 2015), with greater increases associated with 
longer-term cover crop use (Poeplau and Don, 2015). Beyond their 
impact on soil total C, cover crops may also affect soil C pools that are 
more labile, such as permanganate-oxidizable C (POXC), a soil health 
indicator often referred to as “active C.” In previous research, POXC 
has been associated with C accumulation and stabilization compared 
to other soil C pools (Hurisso et al., 2016), although the exact nature 
of what POXC truly measures in soils remains debated. Ultimately, 
cover crops could be used to increase soil C, which is key to sustain 
proper soil function in agroecosystems (Kibblewhite et al., 2008), 

although their impact will likely be influenced by study duration, soil 
texture, and/or local climatic conditions (Johnson et al., 2021).

While cover crops affect biogeochemical cycling, they can also 
impact beneficial organisms (Schipanski et  al., 2014), including 
pollinators that will benefit from the inclusion of flowering plants that 
provide nectar, pollen, and other resources. The benefits of different 
cover crop mixtures will depend on the timing and density of 
flowering; as most cover crops are typically terminated before 
flowering to avoid potential weed and nutrient translocation issues, 
careful cover crop selection is necessary if the cover crop is to provide 
beneficial floral resources. Additionally, given the diversity of 
pollinators, including bees, other insects, and other pollinating taxa 
(e.g., birds), the optimal cover crop mixture will vary based on the 
pollinator taxa of economic and ecological importance in each system 
(Ellis and Barbercheck, 2015; Mallinger et al., 2019). Providing floral 
resources to pollinators in the form of flowering cover crops can 
enhance pollinator abundance and diversity at the landscape scale, 
with positive, cascading effects on the pollination of numerous fruit, 
vegetable, and oilseed crops (Eberle et  al., 2015; Ellis and 
Barbercheck, 2015).

Similarly, cover crops can promote beneficial organisms such as 
free-living nematode populations (Chauvin et  al., 2015) that are 
beneficial to soil nutrient cycling and soil health (Neher, 2010; Ferris 
et al., 2012). However, ensuring that cover crops effectively suppress 
plant-parasitic nematodes is often a more important concern in 
several agroecosystems. Some cover crops such as sunn hemp 
(Crotalaria juncea L.) can reduce root-knot (Meloidogyne spp.) 
nematode populations in vegetable and row crop production systems 
of Florida (Wang et al., 2002, 2008), thereby reducing pest pressure. 
Conversely, selecting a cover crop that can be a host for the main 
plant-parasitic nematodes of a given system will be counter-productive 
for nematode management. For example, cash crops that are sensitive 
to sting nematodes (Belonolaimus longicaudatus Rau) may 
be negatively affected by grass cover crops (Crow et al., 2001).

Cover cropping will only be adopted by growers if it does not 
interfere with cash cropping periods. In Florida vegetable production, 
the ideal period for cover cropping is between June and August (i.e., 
the warmest and wettest months). Growers will often plant 
monocultures of either a legume to supply N through fixation – e.g., 
sunn hemp or cowpea [Vigna unguiculata (L.) Walp] – or a grass to 
add biomass and scavenge residual nutrients from the previous crop 
– e.g., sorghum sudangrass [Sorghum bicolor (L.) Moench x Sorghum 
bicolor var. sudanese]. Combining cover crop species into mixtures 
may provide a wider range of benefits than using monocultures, as 
mixtures increase the diversity of functional groups and could 
combine the benefits of multiple species. Diverse cover crop mixtures 
can produce more biomass (Ranaldo et al., 2019; Allar and Maltais-
Landry, 2022) and be more resilient to the failure of a single species in 
the mixture, and biomass production correlates with several cover 
crop benefits such as greater organic residue inputs, enhanced weed 
control (Linares et  al., 2008; Osipitan et  al., 2018), and improved 
retention of residual nutrients (Finney et  al., 2016). However, as 
diverse mixtures can be more complex to manage (e.g., more difficult 
to seed mechanically when seed size differs, greater attention 
necessary to crop rotation of subsequent crops) and more expensive 
to seed, evaluating the benefits and limitations of monocultures and 
mixtures of increasing diversity can help identify which cover crop is 
the best fit for a given system.
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The main objective of this study was to determine the effects of 
cover crop monocultures and mixtures on marketable yields, 
biogeochemical cycling and the abundance of weeds, nematode pests, 
and insect pollinators in a Florida organic vegetable agroecosystem. 
To do so, we conducted an experiment from May 2018 to December 
2019 to assess the effects of two monocultures (a legume and a grass), 
a legume-grass biculture, and two diversified mixtures (three or five 
species) on marketable yields, phosphorus, potassium, and carbon 
cycling, in addition to the abundance of summer weeds, root-knot and 
sting nematodes, and flower density and insect pollinators. Our main 
hypothesis was that the most diversified mixture would provide the 
most benefits across indicators, with monocultures being less 
beneficial than mixtures while still outcompeting a weedy 
fallow control.

2. Materials and methods

2.1. Experimental design

We established an experiment in June 2018 at the Field and Fork 
farm located at the University of Florida (UF) in Gainesville, FL, USA, 
to measure how five cover crop treatments affect organic vegetable 
production. The field site experiences a humid subtropical climate, is 
located on a sandy soil (mapped as a Hyperthermic, Coated Typic 
Quartzisamments), and had relatively high SOM (>4%) for mineral 
soils of Florida (i.e., non Histosols).

Summer cover crop treatments were established on 34 m2 plots 
(width of 4.11 m and length of 8.23 m) arranged in three randomized 
blocks; therefore, there were three plots per summer cover crop 
treatment in this experiment. Cover crop seeds were uniformly 
broadcast by hand across all plots and incorporated through disking. 
In contrast, cash crops were planted on beds of 1.37 m width (three 
beds per plot). Cover crops included sunn hemp (cv. not specified), 
sorghum sudangrass (cv. BMR Sweet Forever), buckwheat (Fagopyrum 
esculentum Moench, cv. not specified), cowpea (cv. Iron and Clay), 
and sunflower (Helianthus annuus L., cv. Black Oil Seed) to establish 
the following six treatments:

 • Sunn hemp monoculture
 • Sorghum sudangrass monoculture
 • Two species mixture: mixture of S. hemp and S. sudangrass
 • Three species mixture: mixture of S. hemp, S. sudangrass, 

and buckwheat
 • Five species mixture: mixture of S. hemp, S. sudangrass, 

buckwheat, cowpea, and sunflower (although we observed no 
germination/growth of sunflower for both 2018 and 2019)

 • Weedy fallow control with no planted cover crops.

We combined SARE (Sustainable Agriculture Research and 
Education) recommendations (Clark, 2012), Penn State 
recommendations (Borrelli, 2020), and local farmer knowledge to 
determine seeding rates. Cover crops were seeded at:

 • Sunn hemp: 56 kg ha−1 (1,850,000 seeds ha−1) in monoculture and 
28 kg ha−1 (925,000 seeds ha−1) in mixtures

 • Sorghum sudangrass: 56 kg ha−1 (2,220,000 seeds ha−1) in 
monoculture and 39 kg ha−1 (1,540,000 seeds ha−1) in mixtures

 • Buckwheat: 22 kg ha−1 (870,000 seeds ha−1)
 • Cowpea: 95 kg ha−1 (860,000 seeds ha−1)
 • Sunflower: 17 kg ha−1 (300,000 seeds ha−1).

Seeding rates were identical among mixtures for a given cover 
crop, regardless of the number of species. In the case of sunflower 
in the five species mixture, high seeding rates for cowpea and 
buckwheat could be  the driving force behind its lack 
of germination.

2.2. Cropping sequence and management

In May 2018, a bahiagrass (Paspalum notatum Flüggé) and 
wildflower meadow was converted to agricultural research fields 
through regular disking for 4 weeks, prior to planting summer cover 
crops on June 25th, 2018; termination occurred on August 20th, 2018 
by flail mowing. Bell peppers (Capsicum annuum L., cv. Revolution) 
were transplanted in hay-mulched beds on September 6th and 7th, 
2018, and terminated on December 6th, 2018. A winter rye (Secale 
cereale L., cv. Wrens Abruzzi) cover crop was seeded on December 
13th, 2018 and terminated on March 1st, 2019. Acorn squash 
(Cucurbita pepo L. var. turbinata, cv. Taybelle PM) was planted on 
March 21st and 22nd, 2019 and terminated on May 27th, 2019. 
Summer cover crops (i.e., those resulting in cover crop treatments) 
were planted again on June 28th, 2019 and terminated on August 26th, 
2019. Bell peppers (cultivar Aristotle) were transplanted on September 
16th and 17th and terminated on December 16th, 2019.

Fields were rototilled before summer cover crop planting to 
generate a uniform seedbed, and cover crop seeds were broadcast by 
hand and subsequently incorporated through light aggression disking. 
Legume seeds were inoculated prior to planting (Guard-N, Verdesian 
Life Sciences, Cary, NC), no fertilizers were applied prior to cover crop 
establishment, and summer cover crops were not irrigated. In both 
2018 and 2019, weed biomass was not controlled in the weedy fallow 
control during the summer (i.e., no mowing or tillage) and weeds were 
terminated by mowing at the same time as the other cover 
crop treatments.

Certified organic bell pepper transplants were used for both years: 
cultivar Revolution was used in 2018 and replaced with cultivar 
Aristotle in 2019 due to the poor quality of Revolution seeds obtained 
by the greenhouse providing transplants (Banner greenhouses, Nebo, 
NC). Because of weather delays due to Hurricanes Dorian and 
Humberto in September 2019, pepper transplants remained in the 
greenhouse for 3 weeks after optimal transplant quality was achieved, 
resulting in poor pepper transplant quality in 2019 compared to 2018.

Crops were fertilized for N using 13-0-0 fertilizer derived from 
feather meal, meat meal, and blood meal (Nature Safe, Irving, TX). 
Peppers were fertilized at 149 kg N ha−1, 67% of the UF IFAS (Institute 
of Food and Agricultural Sciences) recommended rate for peppers 
grown in conventional conditions in Florida (Liu et al., 2021). Based 
on soil tests, no other nutrients (including P and K) were required. 
Fertilizer was banded in the middle of each bed in a 0.3-m wide band 
and incorporated using a scuffle hoe within 4 days of planting each 
crop. We chose a lower N input rate to increase the likelihood of 
seeing an effect of cover crops on N cycling; details on the rationale 
for using 67% of the N recommendation and on N management can 
be found in Allar and Maltais-Landry (2022).
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Pepper was irrigated using drip irrigation, and preventative 
applications of BT (Bacillus thuringiensis) were used to control insect 
pest populations, most importantly armyworms on pepper. Weeds 
were controlled with a combination of locally sourced hay mulch, 
hand cultivation using a scuffle hoe, and hand weeding. Cover 
cropped and weedy fallow plots were managed with the same 
approach during the pepper growing season, with no notable 
differences in weed pressure among treatments during cash crop 
growing seasons.

Between the two cycles of summer cover crops followed by 
pepper, a winter rye cover crop was planted in all plots in December 
2018, including in weedy fallow control plots, followed by a squash 
crop in spring 2019, with identical weed, pest and irrigation 
management as pepper. These crops are not discussed in detail in 
this study.

2.3. Plant sampling and analysis

Summer cover crops were sampled prior to termination for 
aboveground biomass on August 20th, 2018 and August 23rd – 
25th, 2019, using two 0.49 m2 quadrats per plot and separated by 
species. Any plant that could not be identified as a species planted 
in a given treatment was considered to be  a weed, and all the 
biomass collected in weedy fallow plots was considered as weeds. 
Total fresh mass was recorded for each species in each sample and 
subsamples were weighed and oven-dried at 60°C for 48 h to 
determine water content. Dried samples were ground using a Wiley 
Mill and total C was measured by combustion. Cover crop samples 
were sent to an external lab (UF IFAS Analytical Services 
Laboratories, Gainesville, FL) for P and K analysis, which was 
conducted with digestion followed by quantification via ICP-OES 
(EPA method 200.7).

Pepper yields were quantified through five weekly harvests in 2018 
and 2019. In 2018, harvest started on October 31 and ended on 
November 27, whereas harvest started on November 6 and ended on 
December 4 in 2019. Pepper fruits were separated between marketable 
(i.e., non-damaged fruits above a minimum size) and non-marketable 
fruit culls based primarily on insect damage and rot/decay that would 
prevent these fruits from being brought to market. The ratio between 
marketable and non-marketable yields was also computed, with 
marketable fruits accounting for 89% (range: 80–95%) and 73% 
(range: 59–92%) of total yields in 2018 and 2019, respectively. 
Additional details on yield measurements can be found in Allar and 
Maltais-Landry (2022).

We subsampled one representative marketable pepper per plot 
(three per treatment) on each harvest date, which was frozen within 
48 h of collection, freeze-dried, and ground using a Wiley Mill. Only 
marketable fruits were sampled and analyzed for nutrient 
concentrations, given that they always accounted for the majority of 
harvested biomass, although we recognize that nutrient concentrations 
in non-marketable fruits could differ from marketable fruits and affect 
nutrient balances. Prior to pepper plant termination in both years, 
three representative plants per row were sampled for non-fruit 
aboveground biomass to quantify plant P and K uptake. Results were 
scaled back to kg ha−1 based on total plant population per hectare. 
Subsamples were dried at 60°C and ground using a Wiley Mill. All 
vegetable samples were sent to the same external lab as for cover crops 

(UF IFAS Analytical Services Laboratories, Gainesville, FL) for P and 
K analysis.

2.4. Soil sampling and analysis

Soil sampling frequency was variable and consisted in taking 4–10 
soil cores (diameter = 2.5 cm), depending on the mass of soil needed 
for analyses, from the top 15 cm of soil in the center of the middle row 
in each plot. Soil sampling occurred before cover crop seeding (June 
12th, 2018; June 11th, 2019), directly after disking cover crop residues 
(August 28th, 2018; March 6th, 2019; September 6th, 2019), and after 
pepper harvest (December 10th, 2018; December 16th, 2019). Samples 
were mixed and stored at 4°C until analyzed for resin-extractable P. A 
subsample was dried at 105°C for 48 h to determine moisture content, 
whereas a third subsample was air-dried and sieved prior to 
other analyses.

Within 48 h of sampling, resin-extractable P concentrations were 
quantified by shaking 3.5 g of field-moist soils with 35 mL of DDI 
water and one 12.5 cm2 anion exchange resin strip for 16 h on a 
reciprocal shaker. Resin strips were then rinsed with DDI, P adsorbed 
to the resins was eluted using 35 mL of 0.5 M HCl, and inorganic P was 
analyzed by colorimetry using the molybdate blue method (Tiessen 
and Moir, 2007) and an Epoch 2 microplate reader (Biotek, 
Winooski, VT).

Air-dried soils were used to quantify total C via combustion on a 
CN analyzer (Thermo Flash EA) and SOM by loss on ignition. 
Permanganate oxidizable carbon (POXC) was quantified using the 
method of  Weil et  al. (2003), where 2.5 g of air-dried soil was 
combined with 20 mL of 0.02 mol L−1 KMnO4, shook for 2 min and 
incubated in the dark for 10 min, and quantified by colorimetry at 
550 nm after dilution. A subsample of air-dried soil was analyzed by 
Waters Agricultural Laboratories (Camilla, Georgia, USA) for soil pH 
(1:1 soil-to-water ratio) and soil potassium, using Mehlich III 
extraction (Mehlich, 1984) and quantification by ICP-OES.

2.5. Flower density and pollinator 
abundance

To determine flower density per plot, plots were visited weekly 
after planting and sampling began at the first sign of flowering across 
all plant species and plots. The first and only plant to flower was 
buckwheat in mid-July of 2018. Sampling occurred once every 2 weeks 
following the first sign of flowering and through cover crop 
termination. To quantify flower density, one 2.25 m2 quadrat was 
randomly thrown in each plot on each sampling day, and all 
inflorescences were counted within the quadrat. A single inflorescence 
was defined as a cluster of flowers when arranged in umbels (e.g., 
buckwheat) and as an individual flower for simple flowers (e.g., sunn 
hemp and cowpea). As only buckwheat flowered in 2018 across all 
plots, flowers were only recorded on the first two sampling dates of 
July 19th and August 2nd, 2018. After buckwheat ceased flowering in 
early August, no flowering cover crops were observed across all plots.

On the same days in which flower density was quantified, 
pollinator activity was recorded by conducting 5-min observation 
periods per plot, as detailed in Mallinger et al. (2019). During each 
5-min observation period, a trained observer recorded all insect 
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visits to flowering cover crops within each plot. Insects were 
identified to the following morphogroups: honey bees (Apis 
mellifera L.), bumble bees (Bombus spp.), green sweat bees 
(Augochlorella, Augochlora, and Agapostemon spp.), large solitary 
bees (primarily Eucerini), small sweat bees (primarily Lasioglossum 
spp.), butterflies, wasps, and flies. Timed observations were 
conducted between 9:30 and 11:30 under sunny conditions. 
Following timed observations, opportunistic captures of insects on 
flowers was conducted for approximately 1 h to identify members of 
the above morphogroups to species. Pollinators were grouped into 
the following categories for analysis given the low activity across 
individual morphogroups: bees, butterflies, flies, wasps, and 
all pollinators.

Inflorescence and pollinator sampling was not repeated in 2019 
given the limited flowering and pollinator activity observed in 2018. 
However, buckwheat did flower in 2019 and was the only species that 
flowered during the 2019 summer cover cropping season, similar 
to 2018.

2.6. Nematode abundance

Sting and root-knot nematode soil abundances following cover 
crop termination in 2019 were used in this study as part of a radar 
chart assessing the overall impacts of cover crop treatments on 
multiple indicators, as described further in section 2.7. This represents 
a subset of the nematode data collected for this project. We restricted 
our analysis to 2019 data to avoid any short-term carry over effects 
from bahiagrass on nematodes, as bahiagrass is known to suppress 
root-knot nematodes in Florida (Andersen et al., 2016).

Soil samples for nematode abundances were collected on 26 
August 2019. Twelve soil cores (diameter = 2 cm) per plot were 
collected (0–25 cm) and homogenized by gentle mixing; no sieving 
was done. Nematodes were extracted by sucrose-centrifugation 
(Jenkins, 1964) from a 100 cm3 soil subsample (equivalent to 230 g), 
and identified to genera using an inverted light microscope. For this 
study, sting nematode and root-knot nematode abundances per 
100 cm3 soil were calculated, according to standard practices in studies 
of nematodes (e.g., Wang et al., 2008).

2.7. Data analysis

Although pepper fruits were collected from all five harvests per 
season, we  only analyzed the fruits from the first, third and fifth 
harvest dates for P and K concentrations in 2018 and 2019 due to 
financial constraints and low variability among sampling dates for N 
concentrations, as reported in Allar and Maltais-Landry (2022). 
Phosphorus and K concentration did not vary considerably among the 
1st, 3rd and 5th harvest dates, with median coefficients of variation 
among sampling dates for a given plot equal to 7% (P) and 8% (K) in 
2018 and 13% (P) and 12% (K) in 2019. Using the P and K 
concentrations measured for those three analysis dates, we computed 
the average P and K concentration for each plot, and used these 
averages to estimate P and K concentrations for the second and fourth 
harvest. This allowed us to compute crop P and K accumulation by 
plot, using the sum of nutrients in marketable fruits and non-fruit 
aboveground biomass; this represents a slight underestimation of 

nutrient accumulation given that non-marketable fruits were not 
included in nutrient accumulation computations.

All statistical analyses were performed in R Version 3.5.3 (R Core 
Team, 2019). We analyzed the data collected during this experiment 
using ANOVAs followed by Tukey HSD tests, which were considered 
significant at the p < 0.05 level, and “marginally significant” at the 
p < 0.1 level. Data were analyzed using a mixed model, repeated 
measures ANOVA with cover crop treatment and time (individual 
sampling dates or years, depending on the variable) as fixed effects, 
and the interaction between block and treatment included as a 
random effect. When the treatment x time interaction was significant, 
the effects of one factor at different levels of the other factor were 
tested within the same model (e.g., with a Treatment|Time term). 
These mixed models were analyzed using functions lmer (package: 
lme4), cld (packages: multcomp, emmeans) and emmeans (package: 
emmeans). For all analyses, we verified that residuals were normal 
(Shapiro–Wilk test via function shapiro.test in package stats), and 
variances were homogeneous (Levene test via function leveneTest in 
package car). When these conditions were not met, we transformed 
data using a log transformation first, followed by a rank transformation 
if a log transformation was not sufficient.

Radar charts were computed to visualize the overall impacts of 
cover crop treatments on multiple indicators. Total pollinator 
abundance was averaged among plots and sampling dates of a given 
treatment in 2018 whereas cover crop accumulation of C, P, K 
(expressed as kg ha−1) and marketable yields were averaged over both 
years among the three plots for each treatment. Weeds and post cover 
crop soil N were processed in the same way as cover crop accumulation 
and marketable yields, using data published in Allar and Maltais-
Landry (2022). The abundance of root-knot and sting nematodes 
following cover crop termination in 2019 was plotted as the average 
of the three plots for each treatment, using the data described in 
section 2.6.

3. Results

3.1. Pepper yields

Given the large difference in pepper marketable yields, which 
were substantially higher in 2018 than in 2019 for all cover crop 
treatments at all individual harvest dates (Table  1), we  analyzed 
changes in pepper yields among individual harvest dates separately for 
each year. In 2018, there was no effect of cover crop treatments 
(p = 0.78) or the date x treatment interaction (p = 0.60), but marketable 
yield varied among dates (p < 0.001), being highest on November 14 
(7,318 kg ha−1) and November 27 (6,147 kg ha−1), intermediate on 
October 31 (4,036 kg ha−1) and November 20 (2,746 kg ha−1), and 
lowest on November 7 (2,368 kg ha−1). In 2019, there was no effect of 
cover crop treatment (p = 0.63), sampling date (p = 0.31), or the date x 
treatment interaction (p = 0.99).

When summed over the whole season, total marketable yield was 
significantly affected by a year x treatment interaction (p < 0.05), being 
highest in the five species mixture and lowest in the two species 
mixture in 2018, with no difference among treatments in 2019 
(Table 1). Total yields and the ratio of marketable to total yields were 
not affected by cover crop treatments (p = 0.53 for total yields, p = 0.36 
for the ratio) or the year x treatment interaction (p = 0.48 for total 
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TABLE 1 Mean (± standard error) pepper marketable yields for individual harvest dates and the whole-season sum, total yields, and the ratio of marketable to total yields for the 2018 and 2019 growing seasons.

Marketable yields (kg  ha−1) Total yields 
(kg  ha−1)

Marketable:total

2018

October 31 November 7 November 14 November 20 November 27 Whole season

Sunn hemp 

monoculture 3752 ± 1011 1734 ± 163 7556 ± 528 2463 ± 110 6153 ± 978 21658 ± 333 BC 25047 ± 1380 87% ± 4%

S. sudangrass 

monoculture 4067 ± 810 2411 ± 390 6831 ± 651 3517 ± 1219 5793 ± 1216 22620 ± 593 ABC 25368 ± 633 89% ± 1%

Two species mixture 4273 ± 826 2879 ± 675 6072 ± 106 2252 ± 283 5131 ± 1645 20607 ± 1343 C 24662 ± 1934 84% ± 1%

Three species 

mixture 4244 ± 1283 2456 ± 538 7880 ± 608 3047 ± 986 6237 ± 1850 23864 ± 536 AB 25874 ± 834 92% ± 2%

Five species mixture 5479 ± 1747 2453 ± 531 8874 ± 558 1872 ± 421 5832 ± 708 24510 ± 530 A 26848 ± 654 91% ± 2%

Weedy fallow 2403 ± 422 2274 ± 453 6691 ± 833 3328 ± 779 7736 ± 1125 22433 ± 1736 ABC 24553 ± 2017 91% ± 2%

b c a bc a

2019

November 6 November 13 November 21 November 27 December 4 Whole season

Sunn hemp 

monoculture 927 ± 297 704 ± 92 722 ± 344 403 ± 145 1025 ± 575 3781 ± 147 5705 ± 396 67% ± 4%

S. sudangrass 

monoculture 414 ± 79 425 ± 109 674 ± 365 340 ± 159 698 ± 200 2550 ± 643 3694 ± 812 68% ± 2%

Two species mixture 688 ± 215 674 ± 5 735 ± 163 648 ± 195 1140 ± 327 3886 ± 144 4945 ± 33 79% ± 2%

Three species 

mixture

607 ± 445 850 ± 68 806 ± 424 677 ± 186 738 ± 273 3677 ± 822 4854 ± 843 74% ± 6%

Five species mixture 810 ± 286 533 ± 214 857 ± 323 591 ± 163 739 ± 449 3530 ± 590 4687 ± 495 75% ± 9%

Weedy fallow 848 ± 169 714 ± 368 551 ± 155 410 ± 49 689 ± 188 3213 ± 193 4325 ± 433 75% ± 5%

Uppercase letters represent significant differences in whole-season yields among treatments for 2018 only. Lowercase letters represent significant differences among individual harvest dates for 2018 only.
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yields, p = 0.33 for the ratio). Total yields (p < 0.001) were highest in 
2018 (25,392 kg ha−1) vs. 2019 (4,702 kg ha−1) and the marketable to 
total yield ratio (p < 0.001) was also higher in 2018 (89%) vs. 
2019 (73%).

3.2. Effects on P cycling

Phosphorus accumulation in cover crop aboveground biomass 
was affected by treatment (p < 0.001) but not by year (p = 0.59) or the 
year x treatment interaction (p = 0.45, Figure  1). Cover crop P 

accumulation was greatest in the two species (22 kg P ha−1), five 
species (21 kg P ha−1) and three species (19 kg P ha−1) mixtures, 
intermediate in the sorghum sudangrass (17 kg P ha−1) and sunn hemp 
(15 kg P ha−1) monocultures, and lowest in the weedy fallow (7 kg P 
ha−1). Cover crop P concentration was affected by a significant year x 
treatment interaction (p < 0.01), being greatest in the weedy fallow and 
lowest in the sunn hemp monoculture in both 2018 and 2019, while 
the sorghum sudangrass monoculture and three species mixture also 
had a greater P concentration than the sunn hemp monoculture in 
2018 (Supplementary Table S1).

Phosphorus accumulation in pepper at harvest (i.e., the sum of 
harvested marketable fruits and non-fruit aboveground biomass) was 
not affected by cover crop treatments (p = 0.73) or the year x 
treatment interaction (p = 0.89), although P accumulation was 
substantially lower in 2019 (2 kg P ha−1) compared to 2018 (9 kg P 
ha−1, p < 0.001, Figure 1). Phosphorus concentrations in harvested 
fruits were not affected by the year x treatment interaction (p = 0.52), 
there was a marginally significant effect of cover crop treatments 
(p = 0.08), and concentrations were higher in 2018 (0.34% P) than in 
2019 (0.26% P; p < 0.001; Supplementary Table S2). Similarly, P 
concentrations in non-fruit aboveground biomass were greater in 
2018 (0.29% P) than in 2019 (0.26% P, p < 0.01), with no effect of 
cover crop treatments (p = 0.39) or the year x treatment interaction 
(p = 0.11).

Soil resin-extractable P varied based on sampling date (p < 0.001), 
but there was no significant effect of cover crop treatment (p = 0.60) or 
the date x treatment interaction (p = 0.94; Figure  1). Soil resin-
extractable P varied based on cropping cycles, with low values after 
summer cover cropping (57 mg P kg−1 in 2018 and 62 mg P kg−1 in 
2019) compared to other sampling dates, when resin P ranged from 
70 to 77 mg P kg−1.

3.3. Effects on K cycling

Cover crop K accumulation was affected by cover crop treatment 
(p < 0.05), being highest in the five species (128 kg K ha−1) and two 
species (124 kg K ha−1) mixtures in addition to the sunn hemp 
monoculture (119 kg K ha−1), intermediate in the three species mixture 
(103 kg K ha−1) and sorghum sudangrass monoculture (80 kg K ha−1), 
and lowest in the weedy fallow (43 kg K ha−1, Figure 2). Cover crop K 
accumulation was not affected by year (p = 0.29) or the year x 
treatment interaction (p = 0.26). There was a significant year x 
treatment interaction for cover crop K concentrations (p < 0.001), 
which were greater in the weedy fallow biomass than in all other 
treatments in 2018, with no difference among treatments in 2019 
(Supplementary Table S1).

Cover crop treatments (p = 0.68) and the year x treatment 
interaction (p = 0.76) did not affect K accumulation in pepper at 
harvest, although pepper K accumulation was substantially lower in 
2019 (20 kg K ha−1) compared to 2018 (80 kg K ha−1, p < 0.001; 
Figure 2). Potassium concentrations in pepper fruit and aboveground 
biomass were also not affected by cover crop treatments (p = 0.48 for 
fruit, p = 0.30 for aboveground biomass) or the year x treatment 
interaction (p = 0.56 for fruits, p = 0.45 for aboveground biomass), 
although K concentrations were higher in 2018 (2.5% K) than in 2019 
(2.0% K) for fruit (p < 0.001) but not aboveground biomass (p = 0.16; 
Supplementary Table S2).

FIGURE 1

Mean (± standard error) accumulation of phosphorus in cover crop 
aboveground biomass (top) or pepper fruit and non-fruit 
aboveground biomass (middle), and mean soil resin-extractable 
phosphorus concentrations (bottom) among cover crop treatments. 
For the top graph, letters represent significant differences among 
cover crop treatment means averaged over years (see text for values) 
at p  <  0.05, based on a Tukey HSD test (year x treatment interaction 
not significant). For the bottom graph, letters represent significant 
differences among cover crop treatment means averaged over years 
(see text for values) at p  <  0.05 (date x treatment interaction not 
significant).
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Soil Mehlich-extractable K was affected by the sampling date x 
treatment interaction (p < 0.01), but there was no significant effect of 
treatment on any individual sampling date (Figure 2). In contrast, 
there was a variable effect of sampling date depending on the cover 
crop treatment, with the only consistent temporal pattern among 
treatments being higher soil Mehlich-extractable K in June 2018 
than in March and December 2019 (detailed interaction results not 
shown). Soil pH was greatest at the beginning of the experiment 
(pH = 5.8), declined after the harvest of each cash crop and was 
lowest in June and December 2019 (pH = 5.3; p < 0.001, 
Supplementary Figure S1). Soil pH was not affected by cover crop 
treatment (p = 0.30) or the sampling date x treatment interaction 
(p = 0.99).

3.4. Effects on C cycling

There was a significant year x treatment interaction for cover crop 
C accumulation (p < 0.05). In 2018, cover crop C accumulation by the 
two species mixture, five species mixture, and sunn hemp monoculture 
was greater than the sorghum sudangrass monoculture, and all cover 
crop treatments had greater C accumulation than the weedy fallow 
(Figure 3). In 2019, C accumulation was highest in the two species 
mixture, the mixtures had greater C accumulation than the sorghum 
sudangrass monoculture, and all cover crop treatments accumulated 
more C than the weedy fallow. Carbon concentrations were affected 
by a year x treatment interaction (p < 0.05) and they were greater in 
the weedy fallow than in all the five species mixture and sorghum 
sudangrass monoculture in 2018, although they did not differ among 
treatments in 2019 (Supplementary Table S1).

Soil C pools (SOM, total C, and POXC) did not differ among 
cover crop treatments (p ≥ 0.36 for all three indicators) and they were 
not affected by the sampling date x treatment interaction (p ≥ 0.16 for 
all three indicators; Table 2). SOM decreased during the experiment, 
with SOM decreasing 1.5% (i.e., 15,000 mg SOM kg−1) between June 
2018 (4.5% SOM) and final harvest in December 2019 (3.0% SOM, 
p < 0.001). Similarly, total soil C decreased 0.3% (i.e., 3,000 mg C kg−1) 
in all treatments between June 2018 (1.4% C) and December 2019 
(1.1% C, p < 0.001). Finally, soil POXC decreased from 502 to 424 mg 
POXC kg−1 between June 2018 and December 2019 (p = 0.01).

3.5. Evaluation of overall effects

Cover crop treatments affected flower production and pollinator 
activity, where only the treatments with buckwheat (three species and 
five species mixtures) had flowers and pollinator visits (Table 3). The 
three species mixture had a greater flower density (14.7 flowers m−2) 
than the five species mixture (3.8 flowers m−2). Visits from flies were 
marginally greater (p = 0.07) in the five species mixture (3.8 visits 
plot−1) relative to the three species mixture (2.5 visits plot−1). There 
were higher values in July relative to August for flower density (11.9 
flowers m−2 vs. 6.6 flowers m−2) and visits from butterflies (5.5 visits 
plot−1 vs. 0.2 visits plot−1), flies (4.5 visits plot−1 vs. 1.8 visits plot−1) and 
total pollinators (18.0 visits plot−1 vs. 7.8 visits plot−1). There was no 
significant treatment x time interaction for any response variable.

The radar plot analysis highlights that legume-containing cover 
crop treatments increased soil N after cover crop termination [detailed 
soil N data can be  found in Allar and Maltais-Landry (2022)] in 
addition to increasing cover crop C and K accumulation relative to 
sorghum sudangrass and weedy fallow (Figure  4). All cover crop 
treatments increased cover crop P accumulation and reduced summer 
weed and root-knot nematode pressure relative to the weedy fallow. 
The mixtures containing buckwheat were the only ones that benefitted 
pollinators, whereas the 3-species mixture and the sorghum 
sudangrass treatments increased sting nematode pressure. Overall, 
there was a limited effect of cover crop treatments on yields.

4. Discussion

Similar to previous studies focusing on yields of horticultural crops 
in Florida – e.g., sweet corn (Cherr et al., 2006b) or strawberry (Li et al., 

FIGURE 2

Mean (± standard error) accumulation of potassium in cover crop 
aboveground biomass (top) or pepper fruit and non-fruit 
aboveground biomass (middle), and mean soil Mehlich-extractable 
potassium (bottom) among cover crop treatments. For the top 
graph, letters represent significant differences among cover crop 
treatment means averaged over years (see text for values) at p  <  0.05, 
based on a Tukey HSD test (year x treatment interaction not 
significant).
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2021) – we found relatively limited effects of cover crop treatments on 
pepper yields. Marketable yields were highest for the most diverse cover 
crop mixture (five species) for the whole season sum in 2018, with no 
significant effect for other harvest dates, total yield, and the ratio of 
marketable to total yield. Overall, there was small separation of different 
cover crop mixtures on the radar chart, suggesting that results from 2018 
on the effects of these cover crop mixtures on organic vegetable 
marketable yields must be interpreted cautiously.

Cover crops accumulated important quantities of P and K in 
their aboveground biomass, with differences among treatments 
being driven less by nutrient concentrations than biomass 
production. This is consistent with Allar and Maltais-Landry (2022) 
who observed similar patterns for N concentrations and N uptake in 
the same system, and Maltais-Landry et  al. (2014) for P 
concentrations and P uptake in different cover crop mixtures of 
grasses, legumes, and/or mustards. Phosphorus (up to 24 kg P ha−1) 
and potassium (up to 140 kg K ha−1) accumulation in these systems 

were large, and several fold larger than values reported for P in 
winter cover crops of California and British Columbia (Maltais-
Landry et  al., 2014, 2019) and K in spring cover crops in Brazil 
(Rosolem and Calonego, 2013). Given this nutrient accumulation in 
biomass, which was of a magnitude comparable to fertilizer or 
amendment inputs, substantial effects on soil availability and/or 
subsequent cash crop uptake could be expected for both P (Damon 
et al., 2014) and K (Gao et al., 2022).

However, cover crop treatments did not affect soil P or K in this 
study, which could be due to low nutrient accumulation in cover crops 
relative to soil background concentrations. This would be consistent 
with the small short-term effects reported by Rosolem and Calonego 
(2013) for soil P, although the effects of cover crops on soil P may not 
be  detectable even in longer-term studies (Maltais-Landry et  al., 
2015). Although the transient effect of lower resin P concentrations 
observed after summer cover cropping could be due to crop uptake by 
cover crops, this was observed in weedy fallow plots as well, suggesting 

FIGURE 3

Mean (± standard error) accumulation of carbon in cover crop aboveground biomass. Letters represent significant differences among cover crop 
treatments within a given year at p  <  0.05, based on a Tukey HSD test (i.e., year x treatment interaction significant).

TABLE 2 Mean (± standard error) soil organic matter (SOM), total soil carbon, and permanganate-oxidizable carbon (POXC) before the experiment 
started (June 2018) and after the final harvest (December 2019).

June 2018

Sunn hemp monoculture 4.2 ± 0.3 1.33 ± 0.12 415 ± 82

S. sudangrass monoculture 5.0 ± 0.5 1.55 ± 0.13 563 ± 72

Two species mixture 4.4 ± 0.4 1.27 ± 0.14 555 ± 77

Three species mixtures 4.4 ± 0.1 1.37 ± 0.21 540 ± 91

Five species mixture 4.7 ± 0.1 1.83 ± 0.11 533 ± 32

Weedy fallow 4.1 ± 0.2 1.35 ± 0.29 408 ± 42

December 2019

Sunn hemp monoculture 3.0 ± 0.1 1.01 ± 0.13 399 ± 14

S. sudangrass monoculture 3.1 ± 0.1 1.17 ± 0.11 424 ± 34

Two species mixture 2.9 ± 0.2 1.27 ± 0.20 444 ± 30

Three species mixtures 2.8 ± 0.2 1.14 ± 0.05 409 ± 50

Five species mixture 3.0 ± 0.1 1.13 ± 0.03 435 ± 33

Weedy fallow 2.9 ± 0.1 1.13 ± 0.03 430 ± 18
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that another factor was driving these temporal differences (e.g., tillage 
before cash crop planting). In contrast to P, important changes in soil 
K were previously reported in cover-cropped treatments relative to 
fallows (Gao et al., 2022), which was attributed to deep K uptake by 
cover crops in some studies (Rosolem and Calonego, 2013), an effect 
that may not be possible in the very coarse-textured soils of Florida. 
Given that there were no inputs of K or liming in this study, the 
decrease in K availability we observed between the beginning and end 
of the experiment was expected, as K export in harvested vegetables, 
despite being a small quantity of K, will slowly deplete soil K reserves 
while the trend of decreasing soil pH will reduce cation-exchange 
capacity and K availability.

As cover crops did not affect soil P and K availability, it was 
expected that P and K accumulation in pepper would not differ 
among cover crop treatments, similar to what was observed for 
N in the same system (Allar and Maltais-Landry, 2022). As the P 
concentration and accumulation in cover crop residues were 
above levels where a contribution of residue P to soil labile pools 
and subsequent cash crops is expected, i.e., 0.3% P and 14 kg P 
ha−1 according to the review of Damon et al. (2014), it is likely 
that P was not limiting to cash crop production, consistent with 
soil testing. Similarly, given the lack of K input recommendation 
based on soil testing results, K was most likely not limiting in this 
study, which can explain why cover crops did not affect cash crop 

TABLE 3 Mean (± standard error) of buckwheat flower density and pollinator visits during buckwheat flowering in 2018.

Treatment Date Flowers Bees Butterflies Wasps Flies All 
pollinators

Flowers m−2 Visits per plot

Three species mixture July 19, 2018 17.3 ± 1.7 1.0 ± 0.6 7.3 ± 4.1 9.7 ± 0.3 4.0 ± 0.6 22.0 ± 4.4

Five species mixture July 19, 2018 6.4 ± 1.0 1.0 ± 0.6 3.7 ± 1.8 4.3 ± 1.9 5.0 ± 0.6 14.0 ± 1.2

Three species mixture August 2, 2018 12.0 ± 2.5 1.0 ± 0.6 0.0 ± 0.0 8.0 ± 7.0 1.0 ± 0.6 10.0 ± 8.1

Five species mixture August 2, 2018 1.2 ± 0.3 1.3 ± 0.9 0.3 ± 0.3 1.3 ± 0.7 2.7 ± 0.9 5.7 ± 1.2

Treatment effect p < 0.01 p = 0.81 p = 0.96 p = 0.25 p = 0.07 p = 0.39

Time effect p < 0.01 p = 0.81 p = 0.02 p = 0.20 p < 0.01 p < 0.01

The time x treatment interaction term was never significant (range of p-values = 0.44–0.99).

FIGURE 4

Radar plot representing key variables affected by cover crop treatments. Each variable is scaled to the maximum observed in the study.
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K accumulation or yield, unlike what was reported by Gao et al. 
(2022), where a wheat cover crop increased subsequent cucumber 
yield and K concentrations in China.

Cover crop C accumulation was up to five-fold greater than 
in the weedy fallow, but we found no evidence of an increase in 
SOC or SOM with summer cover cropping. Cover cropping can 
increase SOC, but the effects of cover crops on SOC depend on 
several factors, including initial soil C and time since cover 
cropping started (Blanco-Canqui et  al., 2015). The range of 
potential outcomes reported is large, spanning from SOC 
depletion to large SOC accumulation, with larger variability 
reported in the early years of cover cropping and in tropical 
climates (Poeplau and Don, 2015). Given the specific conditions 
of this study (coarse-textured soil, subtropical climate, recent 
conversion to cropland, frequent tillage and soil disturbance), it 
is likely that the effects of cover crops were too small to 
be  detected after less than 2 years of cover cropping. Johnson 
et al. (2021) reported increases of 1.3–1.7 g SOC kg−1 with three 
out of seven winter cover crops (i.e., increases observed with 
crimson clover, and mixtures of rye with clover or radish) at only 
one of two sites in the Southeastern US after 2 years, and they 
attributed the lack of response to cover cropping in their other 
site to its coarser texture and warmer climate. Johnson et  al. 
(2021) found similar results for POXC, with no effect of cover 
cropping in their warmer and coarser-textured soil, consistent 
with the lack of cover crop effect we observed for POXC in this 
study. Overall, cover crops did not increase soil C in this system 
despite their potential to do so based on large C accumulation in 
aboveground biomass, which could be  driven by local soil 
properties, land-use history (i.e., recent cultivation of a previously 
uncultivated grassland), climate conditions, and/or short 
study duration.

Cover crops affected biogeochemical cycling primarily 
through biomass production, and their ability to suppress 
summer weeds [see detailed data in Allar and Maltais-Landry 
(2022)] was also a function of biomass production, consistent 
with Finney et al. (2016) who found that weed suppression and 
N accumulation in cover crops increased with higher cover crop 
biomass. In contrast, the effects of cover crop treatments on 
pollinators were entirely driven by the presence of buckwheat in 
the mixtures, which accounted for less than 1.5% of total biomass 
at termination (Allar and Maltais-Landry, 2022). Thus, buckwheat 
played a unique role in this study as the only cover crop to 
provide floral resources for pollinators (flowering occurred in 
both 2018 and 2019, although pollinators were only quantified in 
2018). This is the result of management used in this study, where 
other cover crops were terminated prior to flowering to maximize 
potential nutrient cycling benefits and avoid weed issues in future 
seasons, consistent with typical grower practices in the area. In 
this study, buckwheat attracted a diversity of insects including 
sweat bees, other bees, butterflies, wasps, and flies, consistent 
with other studies in Florida that found a large diversity of insects 
foraging from buckwheat flowers (Campbell et al., 2016). While 
buckwheat only flowered for a brief period of time, this timing 
aligns with a dearth of wildflowers in Florida’s hot, humid, 
summer weather (Weaver et al., 2022). Buckwheat can thus fill an 
important resource gap for wild and managed pollinators in this 

system, where most cover crops are terminated prior to flowering. 
As buckwheat flower density was generally higher in the three 
species mixture as compared to the 5-species mixture, pollinator 
activity was also generally higher in the three species mixture. 
Ultimately, these results emphasize the importance of maximizing 
the density of key species such as buckwheat to support beneficial 
insects, including pollinators.

Because cover crop treatments had a limited impact on yields 
in this system, including for spring squash (Allar and Maltais-
Landry, 2022), using other indicators in an analysis of overall 
effects can guide the choice of a given cover crop mixture, similar 
to the multi-indicator approach used by Schipanski et al. (2014) 
in the Northeast US. Although there was no change in soil C, P 
and K due to cover crops, the large C, P and K accumulation 
measured in aboveground biomass for all cover cropped 
treatments relative to the weedy fallow suggests that potential 
long-term impacts on soil biogeochemistry could be  more 
important than what is reported in this short-term study. All 
cover crop treatments reduced summer weeds [see detailed data 
in Allar and Maltais-Landry (2022)] although impacts on 
nematodes were contrasted, with more sting nematodes observed 
with the sorghum monoculture [consistent with Crow et  al. 
(2001)] and the three species mixture. As the three species 
mixture had the highest flower density and pollinator abundance, 
there could be a trade-off between reducing sting nematodes and 
supporting pollinators for this treatment. However, this could 
potentially be alleviated by adding buckwheat to a mixture that 
does not contain sorghum sudangrass (e.g., a biculture with sunn 
hemp, or replacing sorghum sudangrass by another grass like 
millet), assuming sorghum sudangrass was the cause of greater 
sting nematodes in the three species mixture. Overall, while the 
biculture of sunn hemp and sorghum sudangrass showed more 
benefits than monocultures for several indicators, it’s unclear if 
more diverse mixtures provided additional benefits beyond 
pollinator support in this system. Based on the greater marketable 
yields observed in 2018 with the five species mixture relative to 
the biculture, it is possible that more diverse cover crop mixtures 
could benefit yields in organic vegetable systems of Florida. 
However, the lack of cover crop effects on marketable yields in 
2019 indicates that the relationship between cover crop diversity 
and yield should be  further investigated and confirmed in 
future studies.

5. Conclusion

Cover crops accumulated more C, P and K in their aboveground 
biomass relative to a weedy fallow control, but they did not affect soil 
concentrations or pepper nutrient accumulation, indicating modest 
short-term impacts on biogeochemical cycling. In contrast, all cover crop 
treatments reduced summer weed biomass and root-knot nematodes, 
although the sorghum monoculture and the 3-species mixtures increased 
sting nematodes. Mixtures containing buckwheat benefitted pollinators, 
highlighting the impact of buckwheat on pollinators despite its low 
biomass production, and they increased marketable yields for one out of 
two seasons, indicating the potential to provide yield benefits relative to 
monocultures and bicultures. Given the mixed results observed for cover 
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crop treatments on marketable yields in this system, a multi-indicator 
approach such as the one used in this study can inform the selection of a 
cover crop by evaluating its overall impacts.
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