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Abstract. Leafy greens are an ideal crop for the urban environment, given their shal-
low roots, short growing time, and high nutritional value. Yields of greens and their
nutritional value can, however, be affected by the production system used and nutri-
ent management practices. The purpose of this study was to explore two different
types of urban agriculture production systems (raised beds and container plots) and
four nutrient management treatments (conventional fertilizer, organic fertilizer, peat
and compost plus organic fertilizer, and peat and compost only) to determine their
impact on the yields of relay cropped leafy greens. Lettuce, arugula, mizuna, mustard
greens, chard, kale, and spinach were planted in succession through the growing sea-
sons of 2018 and 2019 and the amount of time it took to harvest, total yield, and mar-
ketable yield were measured. Significant differences between growing systems and
among nutrient management strategies were few and inconsistent across measured
harvest metrics and the crops observed. Results suggest that small plastic pool con-
tainers are a suitable container for urban production of greens. This study also tenta-
tively supports the use of organic fertilizers and compost as a nutrient source in
urban agriculture, as some greens responded favorably to organic fertilizers and the
use of compost. The effects of nutrient management treatments may have been ob-
scured by high insect pressure and the unusual weather patterns that took place dur-
ing the study, which affected some crops more than others. Further research should
refine the use of small plastic pools for relay cropping greens and optimize the order
in which greens are grown in succession.

The United States is currently facing agri-
cultural difficulties as the size and number of
family farms decreases and challenges such
as a changing climate and loss of farmland to
development reduce yields (Freedgood et al.
2020; Hinrichsen 1998). As our population
continues to grow, developers are compet-
ing with growers for vacant land. Just over
11 million acres of agricultural land was
lost to development in the United States be-
tween 2001 and 2016 (Freedgood et al.
2020). Kentucky lost 791,000 acres of farm-
land between 1992 and 2012 due to urban
edge expansion and urban development (Eblen
2018). This trend is likely to continue as the
global urban population is expected to increase
by 68% by 2025, and 80% of the population
of the United States already resides in urban
areas (United Nations 2019). Providing fresh

food and produce in urban areas is already
problematic, with many areas suffering from a
lack of grocery stores or food markets at
which to make such purchases affordably. In
2019, 14.4% of Kentucky residents were food
insecure, well over the national average of
10.9% (Feeding America 2020). Urban agri-
culture has the potential to play a large role in
food production going forward by repurposing
vacant urban land.

Urban agriculture has a multitude of bene-
fits beyond local food production (Ackerman
et al. 2014; Lin et al. 2015; Mok et al. 2014),
including community building (Agnotti 2015;
Dimitri et al. 2016; Ghose and Pettygrove
2014; Nogeire-McRae et al. 2018; Van Tuijl
et al. 2018), education (Colman 2017; Dimitri
et al. 2016; Ohly et al. 2016; Van Tuijl et al.
2018), and health and enjoyment (Bahamonde

2019; Nogeire-McRae et al. 2018; Ohly et al.
2016; Van Tuijl et al. 2018). Urban agriculture
also has the ability to provide economic growth
(The Ecology Center 2016). Urban farmers
have demonstrated that there is potential to
profit $50,000 on 0.25 acre (Stone 2016) and
urban farmers engaged in direct marketing
keep 100% of their profits as opposed to opera-
tions that wholesale where producers retain
about 19% of the agricultural dollar (Hughes
2015). These operations also can help stimulate
the local economy by spreading income and
profits through the community and providing
jobs and volunteering opportunities (Kumar
2016; Van Tuijl et al. 2018). Urban agriculture
does, however, face several limitations. Com-
petition for land with development is still an is-
sue (Agnotti 2015; McDougall et al. 2019;
Van Tuijl et al. 2018). When land is available
it is often limited in size, may have large areas
of impervious surface, and there can be issues
with soil quality and soil contamination (Ag-
notti 2015; Kim et al. 2016; Salomon et al.
2020; USEPA 2011), all of which can limit
production. These issues are often overcome
through the use specific production systems
and practices.

Raised beds and container plots are two
common production systems used in urban
farming (Oberholtzer et al. 2014). Raised
beds and containers can be constructed and
adapted to fit into small and confined spaces
found within urban areas. Urban soil is often
contaminated and unsafe to in which grow
produce; raised beds and containers eliminate
that risk by allowing for clean soil to be im-
ported (USEPA 2011). Being able to control
the nutrient content and organic matter of soil
can help increase yields, which in turn can in-
crease profits (Sainju and Jabro 2016) and the
use of compost in urban agriculture is com-
mon (Cameira et al. 2014; Dewaelheyns et al.
2013; Small et al. 2019; Wielemaker et al.
2019). There can, however, be additional ex-
penses. Nursery pots and commercially avail-
able planters can cost between about $40 and
$127 per meter of growing area (Hummert
International 2021; Lowe’s 2021) and raised
beds cost �$70 (Durham et al. 2018). This
expense can cause urban growers to search
for alternatives, such as small plastic pools
(commonly known as kiddie or wading pools).
These pools offer 1.026 m2 of growing area at
a relatively low cost, �$10 to $15 total and
$12/m2 growing area (Lowe’s 2021). These
pools have been adopted in some urban agri-
culture settings for production on rooftops
and other paved areas (Hell’s Kitchen Farm
Project 2020; Michaels 2021). They are made
from similar plastics to traditional nursery
pots and can be diverted from the landfill if
pools that no longer hold water are repur-
posed. Raised beds and containers can also
reduce soil compaction in the growing area
by preventing foot traffic, which will allow
for water to move more freely (Miernicki
et al. 2018).

Relay cropping is a form of succession
planting that enables a farmer to grow multi-
ple crops in the same plot, one right after the
other, during one growing season, potentially
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increasing yields and profits (Satzewich
2016; Satzewich and Christensen 2011; Stone
2016). This technique, sometimes used in
combination with intercropping, can maximize
food production in urban areas where space is
limited. Leafy green vegetables are considered
a desirable crop for relay cropping because of
their short time to maturity (Satzewich 2016;
Satzewich and Christensen 2011; Stone 2016).
Leafy greens or simply “greens” can encom-
pass a wide variety of vegetable crops with ed-
ible leaves (Kaiser and Ernst 2021). Since
most leafy greens can be harvested after 20 to
30 d and have shallow root systems, they
should be ideal for relay cropping in raised
bed and container production systems. Leafy
greens also have high nutritional value, mak-
ing them especially attractive in areas where
fresh fruits and vegetables are hard to obtain.
They can be an important source of fiber; iron;
magnesium; potassium; calcium; vitamins A,
B, C, E, and K; carotenoids; and antioxidants
(Bojilov et al. 2020; Carillo et al. 2020; Reda
et al. 2020; Stagnari et al. 2015; Yan 2016).

Greens are also ideal for small urban
spaces, a space as small as 1.22 � 1.22 m can
feed a small- to medium-sized family for a
year (Berle and Westerfield 2013). However,
nutrient management could play a big role in
potential yields and crop quality. Moderate
increases in nutrient applications often results
in higher yields, with diminishing returns at
higher rates of application (Chakwizira et al.
2015; de Barros Slyvestre et al. 2019; Pereira
et al. 2020; Stagnari et al. 2015). The source
of the nutrients applied to greens can also af-
fect yields, with some differences among
types of organic and mineral nutrient sources
(Coria-Cayup�an et al. 2009; Iheshiulo et al.
2017; Pereira et al. 2020; Stagnari et al. 2007).
Meta-analysis of research studies shows that
organic yields are 25% lower than conven-
tional farming overall, and between 25% and
30% lower for vegetables (Alvarez 2021).
These differences are higher on farm studies
(20%) than controlled experiments (7%), par-
tially due to the effect of soil use index, or the

fraction of years that cash crops were grown
and harvested during a crop rotation. Differ-
ences in nitrogen applications for some crops
and nitrogen availability from different sour-
ces, such as composts and manures (Alvarez
2021) and other production factors such as
cover cropping or use of high tunnels can also
affect the yields of greens (Bączek et al. 2019;
Kornecki and Balkcom 2020; Thavarajah
et al. 2019).

Studies conducted by the Center for Crop
Diversification at the University of Kentucky
have shown that consumers are interested in
trying new and diverse products, including
leafy greens (Kaiser and Ernst 2021). Al-
though research on growing vegetable crops
in urban areas is increasing, there is a lack of
information about growing high-value crops in
raised beds and container plots using a relay
cropping production method and research on
the use of small plastic pools as containers is
especially limited. This research was con-
ducted to examine the yields of relay cropping
leafy greens in raised beds and small plastic
pool containers with different nutrient man-
agement treatments. If small plastic pools are
a suitable container system for urban agricul-
ture, there will be little difference in yield be-
tween that system and the more traditional
raised beds. It is also expected that there will
be some differences in yield among the nutri-
ent management treatments, specifically be-
tween the conventional fertilizer treatment and
treatments composed of organic fertilizers and
compost.

Materials and Methods

This study was conducted in 2018 at the
Kentucky State University, Harold R. Benson
Research and Demonstration Farm, located in
Frankfort, KY, USA. Platforms were con-
structed in May of 2018 with 1.22 m� 1.22 m
pressure-treated lumber 0.6 m off the ground.
They were topped with 1.22 m � 1.22 m se-
vere weather common square southern yel-
low pine plywood sheeting. Sixteen container
plots were then set on top of the platforms
and the remaining 16 were topped with a
raised bed. The container plots were 114 �
114-cm Summer Waves Wading Pools (Poly-
goup, Meidian, ID, USA) (1.02 m2 of grow-
ing area). Two 0.27-cm holes drilled in the
front of each pool, even with the bottom of
the pool, to let water drain. The holes were
fitted with 0.27-cm Eastman PVC clear vinyl
tubing that attached to gutters for water col-
lection. After installation, a small amount of
RoofliteVR drainage material (Skyland LLC,
Landenberg, PA, USA) was set in the pools
inside the drainage holes to prevent them
from clogging and improve water flow. Pools
were filled with 0.1 m3 of premium shredded
topsoil (Table 1).

The raised beds had a depth of 30.48 cm
and were constructed out of 0.6 � 1.8-m
pressure-treated lumber, treated with Ecolife™
(Viance, LLC, Charlotte, NC, USA),
lined with black Smartpond Nylon Mesh
Pond Liner (1.49 m2 of growing area) and
filled with 0.277 m3 of premium shredded

topsoil (Table 1). The pond liner was cho-
sen as a barrier between the growing soil
and the treated lumber. Many raised beds
are built with a similar barrier between
the wood and the underlying soil. Gutters
were attached to the front of each raised
bed, where there is a 5-cm gap in the front
of the raised beds covered with Phifer Super
Solar Charcoal Fiberglass Replacement Screen
(Phifer, Inc., Tuscaloosa, AL, USA) to let wa-
ter drain out and keep soil in. All materials for
the construction of the platforms and raised
beds were purchased from Lowe’s Company
Inc. (Mooresville, NC, USA).

Nutrient management treatments used in
both the raised beds and container plots were a
conventional fertilizer treatment (10–10–10
Twin Pines™ all-purpose fertilizer, Know, IN,
USA), organic fertilizer treatment (EspomaV

R

3–4–6 Tomato Tone, EspomaV
R

12–0–0
Blood Meal, and EspomaV

R

4–12–0 Bone
Meal, Milleville, NJ, USA), peat and compost
only (PC) treatment applied at 14.42 kg/m2

(0.1–0.1–0.1, Michigan Peat Garden MagicV
R

Compost and Manure, Houston, TX, USA),
and peat and compost plus organic fertilizer
(PCO) treatment, for which 7 kg/m2 of com-
post was applied and supplemented with or-
ganic fertilizer. The full breakdown of nutrients
and their sources in the fertilizers and composts
used can be found in Supplemental Table 1.
The experimental design was a randomized
block design with modifications to reduce edge
effects, which was found necessary due to
varying topography and shading within the
study area, with four replicates of each nu-
trient management treatment in each of the
two growing systems (small plastic pool
container and raised bed). Compost was ap-
plied once at the beginning of each growing
season (Table 2). The fertilizers and com-
post used are readily available to urban
farmers and growers in the region. Fertil-
izers were applied to the appropriate plots
at the planting of each crop (Table 2) to sup-
ply a target of 19.61 g N/m2, 16 g P2O5/m

2,
and 16 g K2O/m

2 as recommended by the
College of Agricultural and Environmental
Sciences at the University of Georgia for
greens. The conventional fertilizer treatment
was applied to supply the recommended
amount of N. The organic fertilizer treatment

Table 1. Analysis results of the premium shred-
ded topsoil as provided by the University of
Kentucky Soil Testing Laboratory.

Component Analysis result
Soil texture Loam

Sand (%) 44.13
Silt (%) 37.71
Clay (%) 18.16

pH 6.82
Organic matter (%) 4.56
Nutrient content

Total N (ppm) 1,870
P (ppm) 596
K (ppm) 214
Ca (ppm) 4,531
Mg (ppm) 244
Zn (ppm) 12.4
B (ppm) 0.72
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used the three listed fertilizers to supply the
recommended amounts of all three nutrients.
The nutrient contributions of the low compost
treatment were estimated to be 6.59 g/m2 ni-
trogen and 7.21 g/m2 phosphorus and potas-
sium based on the listed product nutrient
content, so small amounts of all three organic
fertilizers were used to supply the remaining
nutrients to meet the full nutrient recommen-
dation at each planting. The PC treatment was
estimated to supply 14.42 g/m2 of phosphorus
and potassium, based on the listed product
nutrient content. A full list of the amount of
nutrients applied by each fertilizer treatment
can be found in Supplemental Table 2. When
needed, precipitation was supplemented with
drip irrigation to provide 2.5 cm of water to-
tal each week (Durham et al. 2021). The ex-
periment was conducted over the course of
the growing seasons for 2018 and 2019
(Table 2).

The crops chosen for relay cropping were
Lactuca sativa (Encore lettuce mix), Eruca
sativa (arugula), Brassica rapa (mizuna Asian
greens), Brassica juncea (red giant mustard
greens), Beta vulgaris (fordhook giant Swiss
chard), Brassica napus (red Russian kale), and
Spinacia oleracea (covair spinach). All seeds
were organic and purchased from Johnny’s Se-
lected Seeds (Fairfield, ME, USA), except for
the corvair spinach, which was purchased from
Harris Seeds™ (Rochester, NY, USA). All
crops were chosen because of their short matu-
rity rate between 20 and 40 d, which is a key
factor in relay cropping (Johnny’s Selected

Seeds, 2024a, 2024b, 2024c, 2025a, 2025b).
These crops are also considered high-value
crops in central Kentucky (Kaiser and Ernst
2021). Crops were planted from seed, at the
recommended seeding rates (Table 3), follow-
ing the schedule outlined in Table 2. Due to
the late start after plot construction in 2018,
L. sativa was not planted during that growing
season. B. vulgaris was introduced in 2019
during the warmest part of the growing season
because of its higher heat tolerance than other
green species included in the study. Drought
conditions during Aug and Sep 2019 slowed
crop growth such that there was no longer time
to plant S. oleracea before the first frost.

Greens were harvested at the baby stage,
�30 d after planting (Table 2), to maximize
crop turn around. At the time of harvest, the
following data were collected for each crop in
each plot: number of plants, the amount of time
it took to harvest (referred to as harvest time),
total yield, and marketable yield. Marketable
yield was determined by visual examination. If
there were obvious signs of insect damage, or
discoloration, leaves were deemed unmarket-
able. All yield metrics were normalized for plot
area to account for the difference in growing
areas in the containers and raised beds.

Statistical analyses were performed using
R (Version 4.1.1; The R Foundation for Statisti-
cal Computing, Vienna, Austria). Data for all
variables that did not conform to a normal distri-
bution were transformed for analysis using ei-
ther an inverse transformation (marketable
yield of mustard) or a logarithmic transformation

with a base of 10 (total and marketable yield of
arugula, harvest time and total and marketable
yield of mizuna, marketable yield of kale, harvest
time of Swiss chard). All variables were analyzed
using analysis of variance (ANOVA) using
growing system and nutrient management treat-
ment as fixed effects. For crops planted during
both growing seasons, year was included in the
ANOVA model as a fixed effect as well. Sig-
nificant differences among treatments were
separated using multiple comparisons by least
significant difference with an alpha of 0.05. All
means are presented as untransformed data.

Results

Weather conditions. Temperatures in both
years of the study were close to the climatic
normal (Fig. 1). Temperatures were slightly
higher in 2018 than 2019 in May and June,
and lower in 2018 than 2019 in July, and
September. Total precipitation was 1045 mm
for the 2018 growing season and 829 mm for
the 2019 growing season. Precipitation in
2018 was generally higher than normal, and
higher in August and September than the
other months (Fig. 1). Precipitation was also
higher than normal and higher than other
months in 2019 in February and October.
Precipitation from July to September of 2019
was lower than normal, with a drought in
Kentucky from 28 Aug and 6 Oct, during
which there was only 10 mm of rain.

Harvest time.Model simplification was per-
formed to remove nonsignificant interactions
with an alpha level of 0.05. The only significant
three-way interaction between growing system
nutrient management treatment, and year was
for mustard (Supplemental Table 3). The only
significant two-way interactions were nutrient
management system and year and growing
system and year for mizuna (Supplemental
Table 3). Growing system had no significant ef-
fect on the harvest times of arugula, Swiss chard,
or kale, and nutrient management treatment had
no significant effect on any crop except Swiss
chard (Supplemental Tables 3 and 4).

Harvest time of the raised bed plots was
significantly longer than the container plots
for lettuce (P 5 0.001) (Table 4). Harvest
time of the container plots was significantly
longer than the raised bed plots for mizuna in
2019 (P 5 0.002) and spinach (P 5 0.010).
The only instance in which a difference be-
tween the growing systems that was not statisti-
cally significant represented a statistical trend
was with mustard in 2018 in the PC treatment
(P5 0.082) (Table 5).

There were no significant differences in har-
vest time among nutrient management treat-
ments in 2018 for mizuna or mustard in either
growing system, or for mustard in the raised
beds in 2019. The conventional fertilizer treat-
ment had the shortest harvest time for mizuna
in 2019 and was significantly lower than the
PCO fertilizer and the PC treatments (P 5
0.042 and P5 0.029, respectively), but not the
organic fertilizer treatment (P 5 0.158) (Table
4). For mustard grown in containers in 2019,
the PC treatment had the longest harvest time
but was only significantly longer than the

Table 2. Nutrient management, planting, and harvesting timeline for the 2018 and 2019 growing
seasons.

Activity 2018 2019
Compost added 16 May 4 Apr
Fertilizer added and lettuce planted — 11–12 Apr
Lettuce harvest — 23–24 May
Fertilizer spread and arugula planted 4 Jun 28 May
Arugula harvest 11 Jul 19–21 Jun
Fertilizer spread and mizuna planted 11 Jul 21 Jun
Mizuna harvest 6 Aug 11 Jul
Fertilizer spread and mustard planted 6 Aug 11–12 Jul
Mustard harvest 30 Aug 5 Aug
Fertilizer spread and Swiss chard planted — 6 Aug
Swiss chard harvest — 12–13 Sep
Fertilizer spread and kale planted 30 Aug 13 Sep
Kale harvest 26 Sep 16–17 Oct
Fertilizer spread and spinach planted 26 Sep —
Spinach harvest 22 Oct —

Table 3. Recommended plant spacings and seeding rates for each crop planted in 2018 and 2019.

Crop
In-row plant
spacing (cm)

Seeding rate
(seeds per 0.09 m2)

Square foot
gardening spacing
(plants per 0.09 m2)

Leaf lettuce 1.25i 20–30i 4iii

Arugula 10.1ii 30–50ii 4iii

Mizuna Asian greens 25ii 15ii 16iii

Mustard greens 7.6i 20i 16iii

Red Russian kale 20.3–30.5i 4–6i 1iii

Swiss chard 15.2–20.3i 8–10i 4iii

Spinach 10.1–15.2i 6i 9iii

i Durham et al. 2021.
ii Johnny’s Selected Seeds 2024a, 2024b, 2024c, 2025a, 2025b.
iii Bartholomew 2005.
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PCO treatment (P 5 0.035) (Table 5). The
harvest time of Swiss chard was longest for
the organic fertilizer treatment but was only
significantly longer than the PC treatment
(P 5 0.019). The PCO treatment had the
second highest harvest time, but only sug-
gested a statistical trend when compared
with the PC treatment (P 5 0.092).

Harvest times in 2018 were significantly
longer than those of 2019 for mizuna within
the raised bed plots (P 5 0.012) and within
the conventional fertilizer treatment (P 5
0.043) (Table 4). Harvest times in 2019 were
significantly longer than those of 2018 for
mustard in the container plots with the PC
treatment plots (P < 0.001) (Table 5) and for
kale (P < 0.001) (Table 4).

Total yields. Model simplification was
performed to remove nonsignificant interac-
tions with an alpha level of 0.05. The three-
way interaction between growing system, nu-
trient management treatment, and year was
only significant for mizuna (Supplemental
Table 5). For the other crops, the only signifi-
cant two-way interactions were for nutrient
management treatment and year for arugula,
mustard greens, and Swiss chard (Supplemental
Table 5). Growing system had no significant ef-
fect on arugula or kale (Supplemental Table 5).
Nutrient management treatment had no effect
on the total yield of kale (Supplemental Table
5) or spinach (Supplemental Table 6).

Total yield from the raised bed plots was
significantly higher than that of the container
plots for lettuce (P < 0.001), mustard (P 5
0.011), and Swiss chard (P 5 0.004) (Table
6). There was no significant difference be-
tween the total yields of the raised beds and
container plots for mizuna within any combi-
nation of nutrient management treatment and
year (Table 7). Total yield of spinach was
significantly higher in the container plots
than the raised beds (P5 0.008).

For lettuce, total yield was highest in the
PCO treatment, although it was only signifi-
cantly higher than the PC treatment (P 5
0.005) (Table 6). Despite the significant two-
way interaction between nutrient management
treatment and year, there were no significant
differences among nutrient management treat-
ments within either year for arugula or mizuna
(Table 6). There were no significant differ-
ences in total yield among the nutrient manage-
ment treatments of mustard in 2018 (Table 6).
In 2019, total yield of mustard in the PC
treatment had the highest yield and was sig-
nificantly higher than the conventional and
organic fertilizer treatments (P 5 0.002 and
P 5 0.001, respectively) (Table 6). The PCO
treatment had the second highest yield but
was not significantly different from any nutri-
ent management treatment. For Swiss chard,
total yield was highest in the organic fertilizer
treatment, followed closely by the PCO
treatment (Table 6). The organic fertilizer

and PCO treatments were significantly higher
than the PC treatment (P 5 0.014 and P 5
0.021 respectively), but not the conventional
fertilizer treatment (P 5 0.718 and P 5
0.972, respectively).

Total yields were significantly higher in
2019 than 2018 for mustard in the PC treat-
ment (P < 0.001) and for kale (P < 0.001)
(Table 6). There were no other significant dif-
ferences between years for total yields for
arugula within any compost treatment or mi-
zuna (Tables 6 and 7).

Marketable yields. Model simplification
was performed to remove nonsignificant in-
teractions with an alpha level of 0.05. The
three-way interaction between growing system,
nutrient management treatment, and year was
significant for mizuna (Supplemental Table 7).
For the other crops, the only significant two-
way interactions were for nutrient management
treatment and year for arugula and mustard
greens, growing system and year for mustard
greens (Supplemental Table 7), and growing
system and nutrient management treatment for
Swiss chard (Supplemental Table 8). The main
effects of growing system, nutrient manage-
ment treatment, and year had no effect on the
marketable yield of kale (Supplemental Table 7).

Marketable yields from the raised bed
plots were significantly higher than market-
able yields from the container plots for let-
tuce (P < 0.001), arugula (P 5 0.025), and
mustard in 2018 (P < 0.001) (Table 8). Mar-
ketable yield from the container plots was
significantly higher than that of marketable
yield from the raised bed plots for spinach
(P 5 0.003). There were no significant dif-
ferences between the container and raised bed
systems for mizuna for any nutrient manage-
ment treatment in either year or Swiss chard
(Table 9).

There were no significant differences among
marketable yields of fertilizer treatments for let-
tuce and arugula in 2018, mizuna in either year,
mustard in 2019, for Swiss chard in the con-
tainer plots, or spinach (Tables 8 and 9). For all
crops except mizuna, the PC treatment had the
lowest marketable yields. For arugula in 2019,
the PC treatment was significantly lower
than all of the other treatments (P < 0.001
for all comparisons). The PCO treatment,
which had the highest marketable yield, was

Fig. 1. Monthly total precipitation (mm) and average temperature (�C) for the period of study between
May 2018 and Dec 2019 and 30-year (1981–2010) climatological normal (NOAA 2020).

Table 4. Harvest time (s/m2) means for all crops for each growing system and nutrient management treatment. Values in parentheses represent the stan-
dard error. Means represent 16 observations for each growing system and eight observations for each nutrient management treatment. Lower case let-
ters denote differences among nutrient management treatments and capital letters denote differences between growing systems. Values in bold denote
differences between years.

Growing system Nutrient management treatment Year

Crop Year
Container
(s/m2)

Raised Bed
(s/m2)

Conventional
(s/m2)

Organic
(s/m2)

Peat and
compost

plus organic
(s/m2)

Peat and
compost

only (s/m2)
2018
(s/m2)

2019
(s/m2)

Lettuce 2019 279 (55) B 695 (88) A 432 (108) 531 (147) 499 (139) 486 (142) — —
Arugula 2019 890 (129) 731 (109) 720 (134) 752 (196) 1077 (184) 693 (150) — —
Mizuna 2018 53 (11) 49 (11) 44 (11) 62 (10) 41 (12) 58 (18) — —

2019 274 (67) A 43 (22) B 24 (24) b 207 (116) ab 233 (81) a 169 (67) a — —
Swiss chard 2019 264 (36) 321 (93) 230 (41) ab 479 (172) a 314 (52) ab 147 (27) b — —
Kale i 113 (189) 128 (17) 115 (29) 98 (20) 134 (25) 134 (28) 58 (7) 182 (19)
Spinach 2018 154 (16) A 91 (15) B 123 (31) 132 (16) 124 (32) 109 (17) — —
i Growing system and nutrient management treatment means are averaged over the 2 years.
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also significantly higher than the conven-
tional fertilizer treatment, but not the organic
fertilizer treatment (P 5 0.038 and P 5
1.000, respectively). The marketable yield of
the PC treatment was only significantly lower
than the organic fertilizer treatment for mus-
tard in 2018 (P5 0.021) and the conventional
fertilizer treatment for Swiss chard (P 5
0.049). For comparisons that were not signifi-
cantly different, the PC treatment only sug-
gested a statistical trend when compared
with the PCO treatment for lettuce and spinach
(P5 0.0502 and P5 0.075, respectively).

Marketable yield for arugula was signifi-
cantly higher in 2018 than 2019 for the PC
treatment (P < 0.001). This was the only nu-
trient management treatment for which there
was a significant difference between years for
arugula (Table 9). In 2019, marketable yields
for mizuna and mustard were zero for all
study plots (Tables 7 and 8). Even so, mar-
ketable yield was only significantly higher in
2018 than 2019 for mustard in the container
system (P < 0.001) and in the PC treatment
(P < 0.001).

Discussion

For most of the crops, nutrient manage-
ment treatments, and harvested metrics, there
were no significant differences between the

raised bed and pool container growing sys-
tems. Lettuce, mustard, and spinach were the
only crops to show significant differences be-
tween the growing systems in more than one
of the measured metrics. Lettuce and mustard
performed better in the raised beds for three
and two metrics, respectively, but spinach
performed better in the pool containers for all
three metrics (Tables 4, 6, and 8). When fac-
toring in the crops for which there was only a
significant difference in one metric as well,
the raised beds outperformed the pool con-
tainers only slightly more than they did not.
Additional research on the pool container
gardens will be needed to determine if the
differences observed here represent an ad-
verse growing environment or are an artifact
of the growing conditions observed in this
study. One area for future research is possible
drainage strategies for the pool gardens,
which could help to optimize production. The
pool containers experienced some drainage
issues following heavy rainstorms early in
2018, which could have affected production
of the early crops. However, there were no
visible signs of nitrogen (N) deficiencies
which could indicate either lack of N avail-
ability or loss of N in poorly drained soils.

Fewer differences among nutrient manage-
ment treatments were observed than expected.

It has been well established that there is typi-
cally a yield gap between organic and conven-
tional crop production, with organic yielding
25% less, depending on the crop and other op-
erational factors (Alvarez 2021). In this study,
the conventional fertilizer treatment had higher
average total or marketable yield than the or-
ganic fertilizer treatments as often as the or-
ganic fertilizer treatment had higher average
total or marketable yield. None of these differ-
ences were statistically significant but range
from 4% to 74% lower in the former case and
between up to an order of magnitude differ-
ence in the latter case. This is likely because of
the variability in yields observed in this study.
When compared with all of the organic treat-
ments (organic fertilizer, PCO, and PC), the
conventional fertilizer treatment was never sig-
nificantly different from all of the organic treat-
ments, and was significantly higher than one
treatment including compost as often as it was
significantly lower than one treatment includ-
ing compost. Crop responses to compost con-
taining treatments are likely due to differences
in the amount of nutrients supplied by the PC
treatment and how well different greens re-
spond to the nutrient sources in the compost.
The amount of nitrogen supplied by the nutri-
ent management treatments was the same for
the conventional and organic fertilizer treat-
ments (Supplemental Table 2). Although the
amount of phosphate and potassium supplied
by the organic fertilizer treatment was slightly
lower than the conventional fertilizer treat-
ment, it met the recommended application
rate. The estimated amount of nutrients sup-
plied by the PCO treatment were slightly
lower than the fertilizer-only treatments
(Supplemental Table 2) but does not appear
to have adversely impacted total or market-
able yield as this treatment was highest or
second highest for most crops (Tables 6–9).
The much lower estimated amount of nutrients
supplied by the compost treatment, about 86%
lower than that of the fertilizer treatments, did
appear to negatively impact marketable yield
(Tables 8 and 9). Although this runs counter

Table 5. Harvest time (s/m2) means for crops for each combination of growing system, nutrient man-
agement treatment, and year for mizuna for which there was a significant three-way interaction.
Values in parentheses represent the standard error. Means represent four observations. Lower case
letters denote differences among nutrient management treatments within growing system and year.
Values in bold denote differences between years within growing system and nutrient management
treatment.

Nutrient Management Treatments

Crop Year
Growing
system

Conventional
(g/m2)

Organic
(g/m2)

Peat and
compost plus
organic (g/m2)

Peat and
compost only

(g/m2)
Mustard greens 2018 Container 57 (29) 100 (21) 89 (22) 14 (10)

Raised bed 115 (27) 111 (5) 120 (32) 157 (57)
2019 Container 147 (34) ab 146 (33) ab 132 (30) b 286 (34) a

Raised bed 90 (6) 83 (20) 159 (25) 200 (17)

Table 6. Total yield (g/m2) means for all crops for each growing system and nutrient management treatment for which there were no significant three-way
interactions between growing system, nutrient management treatment, and year or two-way interactions between growing system and nutrient manage-
ment treatment. Values in parentheses represent the standard error. Means represent 16 observations for each growing system and eight observations
for each nutrient management treatment per growing season. Lower case letters denote differences among nutrient management treatments and capital
letters denote differences between growing systems. Values in bold denote differences between years.

Growing system Nutrient management treatment Year

Crop Year
Container
(g/m2)

Raised bed
(g/m2)

Conventional
(g/m2)

Organic
(g/m2)

Peat and
compost

plus organic
(g/m2)

Peat and
compost
only
(g/m2)

2018
(g/m2)

2019
(g/m2)

Lettuce 2019 417 (80) B 1018 (98) A 740 (185) ab 707 (166) ab 1003 (169) a 425 (78) b — —
Arugulai 2018 478 (60) 613 (60)ii 426 (46) 359 (50)ii 510 (49) 309 (44) — —

2019 — — 606 (68) 827 (127) 1097 (110) 198 (20) — —
Mustard greensi 2018 98 (18) B 159 (23) A 101 (36) 93 (16) 75 (20) 52 (24) — —

2019 — — 102 (17) b 98 (20) b 205 (57) ab 294 (48) a — —
Swiss chard 2019 104 (12) B 180 (26) A 131 (27) ab 186 (36) a 180 (29) a 70 (15) b — —
Kale iii 169 (35) 175 (30) 158 (43) 132 (36) 246 (61) 150 (37) 67 (11) 277 (36)
Spinach 2018 35 (6) A 16 (4) B 26 (8) 32 (6) 32 (11) 12 (2) — —
i Growing system means are averaged over year, as the two-way interaction between growing system and year was not significant for arugula (F 5 2.171,
P 5 0.147) or mustard (F 5 0.427, P 5 0.516).
ii These means represent one fewer observation due to missing data.
iii Growing system and nutrient management treatment means are averaged over the 2 years.
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to findings that yields from conventional fertil-
izer treatments were equal or surpassed yields
from compost treatments (Mays et al. 1973),
this lack of difference has been observed with
greens before (Gent 2002; Knewtson et al.
2009). The results of this study also run coun-
ter to other findings that organic production
can have higher yields than conventional pro-
duction in drought years (Lotter et al. 2003;
Pimentel and Burgess 2014). Use of compost
in organic systems, including irrigated vegeta-
ble systems, has been linked with increased
water holding capacity (Lal 2020; Nguyen
et al. 2012), which should lead to better out-
comes under drought conditions. The crops
grown during the 2019 drought, Swiss chard
and kale, did not show consistent increased
yields with compost use or increased yields
with higher compost addition. Two factors
could have contributed to this lack of differ-
ence, the use of raised beds on platforms and
containers, which tend to dry out faster than in
ground plantings (Durham et al. 2021), and
the use of consistent irrigation, which could
have prevented the plots from drying to the
point that there would be observable differ-
ences between compost containing treatments.

The total yields observed in this study
were low compared with those expected
based on yields from traditional agriculture
and estimates for home gardening (Table 10)
across all crops, growing systems, nutrient
management treatments, and study years. As
low as 0.65% if the traditional agriculture
yields in spinach and as high as 49.85% in

lettuce. Yields were also on the medium to
low end of the range reported in the peer-
reviewed literature on these greens and urban
agriculture (Table 10), likely a result of insect
pest issues and weather conditions during the
study. Marketable yield was heavily impacted
by the presence of flea beetles, which are also
a common pest for arugula, mizuna, and mus-
tard. Diatomaceous earth was used to control
the problem, more successfully in 2018 than
in 2019. Damage was noted in 2018 in only
the arugula and mizuna crops and may have
impacted crop quality. In 2019, the flea bee-
tles caused some damage to arugula and sig-
nificant damage to mizuna and mustard across
all treatments. Both mizuna and mustard had
no marketable yield (Table 9) because of the
flea beetle damage in 2019. It is possible
that total yield also suffered because of the
insect pressure and contributed to yields
lower than those reported by other studies
(Table 10), but the higher pressure in 2019
did not significantly lower total yields of
mizuna or mustard when compared with
yields in 2018 (Tables 6 and 7). Flea beetles
in the summer of 2019 in this part of Kentucky
were a significant problem, and other farmers
noted an inability to adequately control them
using multiple organic methods (Olsen R, per-
sonal communication). The kale crop was
also affected by caterpillar damage, especially
in 2018.

The 2018 growing season was unusually
wet compared with the climatic normal, with
August bringing in 23.57 cm of rain and

September with 20.19 cm (Fig. 1). Precipita-
tion would come in large storm events, but
was spaced evenly throughout the growing
season, so irrigation was rarely needed during
this growing season. Despite wetter condi-
tions in 2018, no evidence of fungal diseases
or water logging was observed during the
wettest parts of that growing season. Precipi-
tation in 2019 was lower than normal, with a
drought between 28 Aug and 6 Oct. Irrigation
was, therefore, relied on more during the sec-
ond growing season than the first, especially
during the drought. This drought combined
with warmer than average temperatures in
September likely affected production. Both
the Swiss chard that was planted on 6 Aug
and the kale that was planted on 13 Sep took
longer than the expected 30 d to reach the
baby stage and be ready for harvest, despite
providing adequate irrigation. Swiss chard
took 37 d, and the kale took 33 d, 6 d longer
than it took in 2018. During those two peri-
ods, the optimal growing temperatures for
both Swiss chard and kale were exceeded
�25% of the time (Johnny’s Selected Seeds
2025a, 2025b), but this did not significantly
reduce kale total or marketable yields below
those of the 2018 growing season (Tables 6
and 8).

Temperatures also played a role in the
performance of the other greens grown. Aru-
gula is a crop that thrives in temperatures of
15 to 20 �C (Johnny’s Selected Seeds 2024a).
The average temperature for the arugula ro-
tation was 18.4 to 30.6 �C in 2018, exceed-
ing the optimal range on all but three of 38 d.
The higher than ideal temperatures caused
the arugula to bolt the last few days before
harvesting. Earlier planting in 2019 (Table 2)
seemed to alleviate the bolting issues. Al-
though there were no significant differences in
total yields (Table 5) and few differences in
marketable yields (Table 9) between the two
growing seasons, temperatures exceeded the
optimal range for arugula less. Average
temperatures ranged from 15.0 to 25.6 �C,
with only 15 of 25 d exceeding the optimal
temperature. Mustards are a more heat-tolerant

Table 8. Marketable yield (g/m2) means for all crops for each growing system and nutrient management treatment for which there were no significant
three-way interactions between growing system, nutrient management treatment, and year or two-way interactions between growing system and nutrient
management treatment. Values in parentheses represent the standard error. Means represent 16 observations for each growing system and eight observa-
tions for each fertilizer treatment per growing season. Lower case letters denote differences among nutrient management treatments and capital letters
denote differences between growing systems. Values in bold denote differences between years.

Growing system Nutrient management treatment Year

Crop Year
Container
(g/m2)

Raised bed
(g/m2)

Conventional
(g/m2)

Organic
(g/m2)

Peat and
compost

plus organic
(g/m2)

Peat and
compost

only (g/m2)
2018
(g/m2)

2019
(g/m2)

Lettuce 2019 264 (39) B 769 (65) A 505 (133) 570 (133) 636 (123) 355 (70) — —
Arugulai 2018 259 (46) B 363 (52)ii A 248 (44) 219 (34)ii 310 (46) 170 (24) — —

2019 — — 259 (88) b 446 (93) ab 802 (88) a 14 (8) b — —
Mustard greens 2018 38 (15) B 96 (16) A 89 (35) ab 86 (15) a 53 (20) ab 39 (21) b — —

2019 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) — —
Kale iii 80 (16) 80 (17) 79 (21) 72 (24) 120 (31) 49 (9) 58 (10) 101 (20)
Spinach 2018 12 (3) A 3 (1) B 8 (3) 10 (3) 11 (5) 0 (0) — —
i Growing system means are averaged over year, as the two-way interaction between growing system and year was not significant for arugula (F 5 0.019,
P 5 0.892).
ii These means represent one fewer observation due to missing data.
iii Growing system and nutrient management treatment means are averaged over the 2 years.

Table 7. Total yield (g/m2) means for crops for each combination of growing system, nutrient man-
agement treatment, and year for mizuna for which there was a significant three-way interaction.
Values in parentheses represent the standard error. Means represent four observations.

Nutrient management treatments

Crop Year
Growing
system

Conventional
(g/m2)

Organic
(g/m2)

Peat and
compost plus
organic (g/m2)

Peat and
compost only

(g/m2)
Mizuna 2018 Container 35 (8) 11 (2) 14 (7) 17 (3)

Raised bed 7 (3) 84 (68) 14 (8) 9 (4)
2019 Container 2 (2) 51 (22) 73 (6) 13 (7)

Raised bed 0 (0) 9 (8) 15 (15) 49 (47)
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Brassica crop, with optimum growing condi-
tions centered around 25 �C (Johnny’s Selected
Seeds 2024b, 2024c). Temperatures for mizuna
and mustard ranged from 20.1 to 25.7 �C and
18.3 to 26.7 �C, respectively, in 2018 and
20.1 to 26.4 �C and 19.7 to 28.4 �C, respec-
tively, in 2019. Despite earlier planting in
2019, temperatures were similar in the two
years and were not far off the optimum for
these two crops. Temperatures for the spin-
ach rotation in 2018 dropped from �24 �C
to �10 �C in early October. While spinach
can and does grow at these cooler tempera-
tures (Palka 2023), the significant tempera-
ture shift so close to the first frost may have
slowed growth and contributed to low yields
in the unprotected spinach (Tables 6 and 8).

Conclusions

The result of this study supports the conclu-
sion that leafy greens can be relay cropped in
urban agriculture production systems. The few
differences between the raised bed and small
plastic pool container growing systems suggest
that small plastic pools could be a suitable pro-
duction alternative in urban areas. Further study
of the small plastic pool containers should in-
clude examination of optimal drainage strate-
gies and other potential microclimatic effects.

More data would help to determine why differ-
ences were seen in some crops and not others,
and what effect the growing conditions ob-
served during this study had on the results. Al-
though some greens responded favorably to
organic amendments and the use of compost,
not all did. There was no clear pattern of dose
response to compost additions and/or of how
the conventional fertilizer treatment compared
with the organic amendment treatments. This
study also highlights the influence that other
factors can have on urban crop production. In-
sect pests had a significant effect on marketable
yields in this study and weather patterns likely
also influenced outcomes, possibly obscuring
the effects of nutrient management treat-
ments. High temperatures and the drought
from 28 Aug and 6 Oct in 2019 slowed crop
growth. This could have implications for pro-
duction in urban heat islands and under chang-
ing climate conditions.
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Stagnari et al. 2007)

Table 9. Marketable yield (g/m2) means for crops for each combination of growing system, nutrient
management treatment, and year for which there were significant three-way interactions between
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ing system and nutrient management treatment. Values in parentheses represent the standard error.
Means represent four observations. Lower case letters denote differences among nutrient manage-
ment treatments within growing system and year and capital letters denote differences between
growing systems within nutrient management treatment and year. Values in bold indicate differ-
ences between years within growing system and nutrient management treatment.

Nutrient management treatments

Crop Year
Growing
system

Conventional
(g/m2)

Organic
(g/m2)

Peat and
compost plus
organic (g/m2)

Peat and
compost only

(g/m2)
Mizuna 2018 Container 28 (6) 7 (1) 12 (6) 13 (2)
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2019 Container 0 (0) 0 (0) 0 (0) 0 (0)
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