This article was downloaded by: [Elon University]
On: 07 September 2012, At: 07:18
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Journal of Sustainable Agriculture
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/wjsa20

Do Tomatoes Love Basil but Hate Brussels
Sprouts? Competition and Land-Use
Efficiency of Popularly Recommended
and Discouraged Crop Mixtures in
Biointensive Agriculture Systems
M. K. Bomford

a

a

Kentucky State University, Land Grant Program, Frankfort,
Kentucky, USA
Version of record first published: 05 May 2009

To cite this article: M. K. Bomford (2009): Do Tomatoes Love Basil but Hate Brussels Sprouts?
Competition and Land-Use Efficiency of Popularly Recommended and Discouraged Crop Mixtures in
Biointensive Agriculture Systems, Journal of Sustainable Agriculture, 33:4, 396-417
To link to this article: http://dx.doi.org/10.1080/10440040902835001

PLEASE SCROLL DOWN FOR ARTICLE
Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions
This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.
The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

Journal of Sustainable Agriculture, 33:396–417, 2009
Copyright © Taylor & Francis Group, LLC
ISSN: 1044-0046 print/1540-7578 online
DOI: 10.1080/10440040902835001

Do Tomatoes Love Basil but Hate Brussels
Sprouts? Competition and Land-Use Efficiency
of Popularly Recommended and Discouraged
Crop Mixtures in Biointensive
Agriculture Systems

1540-7578
1044-0046
WJSA
Journal
of Sustainable Agriculture,
Agriculture Vol. 33, No. 4, Mar 2009: pp. 0–0

Downloaded by [Elon University] at 07:18 07 September 2012

Biointensive
M.
K. Bomford
Mixtures

M. K. BOMFORD
Kentucky State University, Land Grant Program, Frankfort, Kentucky, USA

Biointensive agriculture (BIA) is a suite of small-scale agricultural
practices that include the use of high-density mixed plantings. It
has been promoted to gardeners and resource-limited farmers as a
sustainable organic vegetable production method that makes efficient use of land, water, and other resources. Certain crop mixtures are popularly recommended for use in BIA systems (e.g., tomato,
Lycopersicon esculentum Mill., and basil, Osimum basilicum L.);
others are discouraged (e.g., tomato and Brussels sprout, Brassica
oleracea L.). Rain-fed BIA gardens were planted in 2001 and
2002 to compare land-use efficiency of pure stands and two-crop
mixtures of tomato, basil, and Brussels sprout. Brussels sprout was
the most competitive crop among the three tested, accounting for at
least two-thirds of the land equivalence ratio (LER) in mixtures;
basil was the least competitive component crop, accounting for less
than one-third of LER. Mixtures made more efficient use of land
than pure stands only in 2002, which was hotter and drier than
2001. Potential land-use efficiency of mixtures was likely underestimated in both years because the method commonly recommended for calculating inter-plant spacing in BIA mixtures tends
to result in lower total density in mixtures than in segregated pure
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stands, and does not account for different mixture proportions.
New recommendations are proposed to address these problems,
and are incorporated into a companion planting spacing calculator available for download. Marketable Brussels sprout yield was
poor because of excessive heat for the cool-season crop, not
because of poor plant growth. The popularly recommended mixtures did not make more efficient use of land than the popularly
discouraged mixture.
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INTRODUCTION
Biointensive agriculture (BIA) is a suite of land-intensive small-scale agricultural practices that include the use of high-density mixed plantings grown in
offset rows in deeply cultivated beds fertilized with compost (Jeavons,
2006). BIA is promoted as a sustainable organic vegetable production
method that makes efficient use of land, water, and other resources (Jeavons,
2006). Few peer-reviewed studies have been published in response to calls
for formal academic analysis of BIA systems (Jeavons, 2001; Medvecky,
2006), but broad interest in BIA is demonstrated by sales of more than
500,000 copies of a popular manual in its seventh edition (Jeavons, 2006),
by adoption of BIA by small-scale farmers in 130 countries around the
world, and by a variety of papers presented at recent symposia (Miles et al.,
2002; Doran et al., 2006; Omondi et al., 2006; Pia, 2006; Mbugwa et al.,
2006; Beeby et al., 2006, Bouyouris et al., 2006).
BIA systems use mixed plantings to increase land use efficiency (Jeavons,
2006). Mixed plantings have been well studied (e.g., Brown et al., 1985;
Hart, 1986; Theunissen, 1997) and were found to make more efficient use of
land (Jolliffe, 1997) and water (Kanton and Dennett, 2004) than pure stands.
According to the ecological concept of niche differentiation, mixtures are
more productive than pure stands when mixing replaces stronger withinspecies competition with weaker between-species competition (Willey,
1979; Vandermeer, 1989; Jolliffe and Wanjau, 1999). Since the choice of
crops used in a mixture presumably has some effect on whether or not this
occurs, certain crop combinations might be expected to consistently offer
yield advantages over pure stands. Using the language of human relationships metaphorically, BIA manuals typically recommend specific crop
combinations as beneficial “companions,” and discourage others as “antagonists”
(Riotte, 1975; Jeavons, 2006). For example, basil (Osimum basilicum L.)
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mixed with tomato (Lycopersicon esculentum Mill.) is said to improve
tomato growth, but brassicas, such as Brussels sprout (Brassica olerecia L.
var. capitata), are considered antagonistic to tomato; brassicas are said to
benefit from mixing with aromatic herbs. In the language of Riotte (1975),
tomatoes love basil but hate Brussels sprouts. The reputed effects of mixing
certain plant species are frequently vague (e.g., “tomatoes and all members
of the brassica family repel each other,” Riotte, 1975), and the rationale for
these recommendations is often unclear: They are based on gardener experience and on laboratory assays involving the analysis of crystal formations
produced by evaporating aqueous mixtures of plant extracts and copper
chloride (Pfeiffer, 1931; Riotte, 1975). Although these assays show similar
results when interpreted by blind panels or image analysis software (Andersen
et al., 1999), a plausible mechanistic explanation of the relationship between
copper chloride crystal formation and plant compatibility has not been proposed or tested. This may contribute to the fact that companion planting
recommendations continue to be widely circulated in the popular press, but
largely untested in the horticultural literature.
A few studies published in the entomological literature report tests of
specific mixtures recommended as companions in BIA manuals for their
supposed ability to deter insect pests (Finch et al., 2003; Held et al., 2003).
While a large body of literature supports the idea that crop diversity reduces
arthropod pest pressure (Andow, 1991; Smith and McSorely, 2000), specific
combinations recommended for BIA systems have not yet shown greater
benefits than other mixtures.
Certain BIA practices may be inappropriate for some environments.
According to Jeavons (2006), on well structured soils the practice of ‘double
digging’—deep cultivation with a spading fork—“is not needed to maintain
significant yields and may even deplete the quality of the [soil] structure.”
Indeed, the only published peer-reviewed study of double digging was conducted in well drained, fertile soil with sufficient rainfall, and found that the
practice offered no yield benefit (Holt and Smith 1998). A more recent preliminary study reached a similar conclusion, leading to call for factorial studies to evaluate the effect of individual BIA practices in different
environments based on the concern that “promoting such a highly labor
constraining practice as an integral part of the BIA package could preclude
farmers from adopting the other, potentially more useful BIA components
(i.e., compost use and close spacing of plants)” (Medvecky, 2006). Some
research suggests that the yield advantage associated with mixed planting is
most pronounced under resource-limiting conditions, such as low moisture
availability (Rao and Willey, 1980; Natarajan and Willey, 1986).
Nonetheless, BIA is promoted as an integrated package, based on an
expectation of synergism between system components. Jeavons (2006)
warns of possible soil depletion if some components are excluded from BIA
systems. In emphasizing the need for cropping systems research recognizing
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the potential for synergism, Drinkwater (2002) calls for both whole-system
comparisons and factorial experiments to address mechanistic hypotheses.
While there is certainly a need for studies comparing BIA systems with
other vegetable production systems, factorial studies are also necessary to
determine which components of BIA systems are beneficial under a variety
of sites and environments.
This study was conducted to compare BIA beds dedicated to pure
stands to BIA beds growing popularly recommended mixtures (tomato and
basil; Brussels sprout and basil), or a popularly discouraged mixture
(tomato and Brussels sprout).
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MATERIALS AND METHODS
Tomato (L. esculentum cv. ‘WV-63’), basil (O. basilicum cv. ‘Nufar’) and
Brussels sprout (B. olerecia var. gemmifera cv. ‘Long Island’) were grown in
pure stands and as two-crop mixtures using BIA practices in 2001 and 2002.

Site Preparation
Four replicated BIA gardens (61 m2) of six beds were prepared on a southfacing slope (<4 % grade) on land in transition to organic production (West
Virginia University Horticulture Farm, Morgantown, WV, certified by Ohio
Ecological Food and Farming Association, 2003). Soils were clay loams in
the Dormont and Guernsey series that had grown mixed sod for several
years before the study. Compost made from dairy manure and leaf much
was applied in May of both years at 30 t ha−1 fresh weight (120, 78 and
140 kg ha−1 N, P, and K, respectively, based on compost analysis) and
incorporated by ‘double digging’ with a spading fork to a depth of 0.4 m
(Jeavons 2006). Gardens were seeded to hairy vetch (Vicia villosa Roth) and
winter rye (Secale cereale L.) following the final harvest in October 2001.
The cover crop was killed by mowing before compost application in 2002.

Treatments
One of six treatments was randomly assigned to each bed in each garden
(Table 1): Pure stand beds contained basil (BAS), Brussels sprout (SPT), or
tomato (TOM); mixed beds contained tomato and basil (T&B), tomato and
Brussels sprout (T&S), or Brussels sprout and basil (S&B). Thirty-five greenhouse-grown plants were transplanted by hand into each bed, in five offset
rows of seven (Figure 1). Plant seeding, transplant, and harvest dates are
shown in Figure 2. Interplant spacing was constant within and between
rows. Interplant spacing in mixed plantings was the mean of component
monoculture spacing (Table 1, after Jeavons 2006). The primary species,
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TABLE 1 Treatments, Bed Areas, Plant Spacing, and Plant Densities Used in This Study (after
Jeavons 2006)

Treatment

Code

Bed
area
(m2)

1.
2.
3.
4.
5.
6.

BAS
SPT
TOM
T&B
T&S
S&B

2.5
6.0
7.9
4.8
6.9
4.1

Basil – pure stand
Brussels sprout – pure stand
Tomato – pure stand
Tomato and basil
Tomato and Brussels sprout
Brussels sprout and basil

Density (plants m−2)

Interplant
spacing
(cm)

Primary
crop

Secondary
crop

Overall

30*
46
53
41.5
49.5
38

13.8
5.9
4.4
2.2
1.6
2.7

–
–
–
4.5
3.1
5.3

13.8
5.9
4.4
7.2
5.1
8.6
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*Jeavons (2006) recommends 15 cm spacing for basil. The 30 cm spacing used in these tests reflects
other recommendations (Bradley and Ellis 1992, Gao and Bergefurd 1999, seed packet instructions).

FIGURE 1 Mixtures consisted of a primary and secondary crop (P and S, respectively); the
primary crop was the one requiring the greater plant spacing in monoculture (c.f. Table 1).
Each plot had 35 plants. Mixed plots had 12 plants from the primary crop and 23 from the
secondary crop. Plant spacing in mixtures (s) was the mean of the spacing used for each
crop in monoculture. Bed dimensions were a function of plant spacing.

defined as the crop with the greater interplant spacing in monoculture, was
every other plant in the first, third, and fifth rows of mixed beds (12 plants per
bed); the secondary species was grown in the remaining spaces (23 plants per
bed). Plant spacing determined bed area, which varied by treatment (Table 1,
Figure 1). Treatments were re-randomized before planting in 2002.

Resource Availability and Use
Plots were rain-fed. Precipitation and minimum and maximum temperatures
were recorded daily at the Morgantown municipal airport, approximately 1 km
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FIGURE 2 Temporal overlap of companion crops in 2001 (top) and 2002 (bottom). Markers
show dates of seeding in the greenhouse (䉬), transplanting to treatment plots (䉫), harvest
(䊊), and final harvest ( ). Vertical lines show dates of soil moisture ( ) and canopy light
penetration ( ) readings.

from the study site. Degree days were calculated from 1 June using the single sine method and a 10 °C minimum cutoff (UC IPM online, 2007).
Tomato vines were suckered to leave a single dominant stem, which was
staked and tied. Plots were kept weed-free by regular hand weeding. Canopy light penetration was measured by Sunfleck Ceptometer (Decagon,
Pullman WA) between 1000 and 1500 h on three cloudless days in each
year (Figure 2). Eight readings were taken at soil level in each bed. The
upright meter was rotated 45° with each reading, to eliminate effects due to
row orientation. Each reading recorded the proportion of a 1 m probe
exposed to direct sunlight (Sunfleck proportion). The mean of all eight
readings was used as the sample reading for a plot.
Soil volumetric water content (VWC) was measured in the top 20 cm
using a HydroSense Soil Moisture Meter (Spectrum Technologies, Plainfield, IL) on three days in the latter portion of each growing season (Figure 2).
Readings were taken between plants, 50 cm from the east end of the second and fourth row of each bed. Readings were also taken 50 cm from the
west end of the same rows, and in the center of each bed, in 2002 only.
The mean of all readings taken in a plot was used as the sample value for
that plot.
Relative chlorophyll content was measured with a portable chlorophyll meter (SPAD-502, Minolta Camera Co., Osaka, Japan) at final harvest. The meter measures transmission through a leaf of red light at a
wavelength absorbed by chlorophyll (650 nm) and infra-red light at a
wavelength not absorbed by chlorophyll (940 nm). It computes a Soil
Plant Analysis Development (SPAD) value that estimates relative leaf chlorophyll content based on the ratio of these two values (Watanabe et al.,
1980). One SPAD reading was taken from a fully expanded leaf at the top
of each plant, and the mean of all readings in a plot was used as the value
for that plot.
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Harvest
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Tomatoes were harvested five times in 2001 and four times in 2002 (Figure 2).
All fruits past the breaker stage were collected at each harvest, counted, and
weighed. All aboveground biomass was collected at the final harvest. Ripe
tomatoes, green tomatoes, and vines were sorted and weighed separately.
Basil was harvested six times in 2001 and three times in 2002 (Figure 1).
All biomass more than 15 cm above the ground was collected and weighed
at each harvest. All aboveground biomass was collected at the final harvest.
Leaves and stems were weighed separately.
Brussels sprouts were harvested once at the end of each season (Figure 1).
All aboveground biomass was collected. Marketable sprouts were counted
and weighed separately from leaves and stems.

Analysis
One replicate was excluded from the analysis in 2001 because of severe
groundhog (Marmota momax L.) damage to the Brussels sprouts. Total
aboveground fresh weight collected from each crop was divided by the
number of plants representing that crop in a bed to give the average aboveground plant biomass in mixtures and pure stands (Pmix and Pmono, respectively). Total aboveground fresh weight of each crop in each treatment was
divided by bed area to give mixture yield, Ymix, or pure stand yield, Ymono.
Analysis of variance (ANOVA) was used to analyze the logarithm of biomass
per plant and yield for each crop by year (SAS Institute, 2001). The ANOVA
model was a randomized complete block with three treatments (pure stand
and two mixtures) for each crop. Means were separated by Tukey’s test
when significant treatment effects were found.
Relative competition intensity (RCI) was calculated separately for each
crop, replicate, and year according to Grace (1995):

RCI =

Pmono − Pmix
Pmono

(1)

Relative yield (RY) was calculated by dividing the yield of a single crop
in each mixed planting by its yield in a pure stand (Ymix /Ymono) (de Wit,
1960). The land equivalence ratio (LER) for each mixture was calculated as
the sum of both crops’ RY (Willey and Osiru, 1972).
The LER values of the intercrop treatments were tested for significance
following methods recommended by Oyejola and Mead (1982). LERs were
calculated separately for each replicate using the replicate plant yield for the
numerators and the mean of pure stand yield across all replicates for the
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denominators. The LER values were then compared with a value of one by
one-tailed t-test. This method tends to underestimate the true value of LERs
by eliminating the variation in the ratio which is due to variability in pure
stand yields, but it is statistically preferable to using the individual pure
stand yield values for each replicate (Oyejola and Mead, 1982; Vandermeer,
1989).

RESULTS
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Resource Availability and Competition
2002 was hotter and drier than 2001 (Figure 3). Availability and use of two
fundamental resources, light and water, was indicated by the proportion of
the soil surface exposed to direct sunlight (Sunfleck) and the volumetric
water content in the top 20 cm of soil (VWC), which were correlated in
2002 (r = 0.91, d.f. = 6, p = 0.01) but not 2001 (Figure 4). The variation in
Sunfleck readings between treatments was lower in 2002 than in 2001, but
variation in VWC was greater in 2002 (Figure 4). The relative order of treatments was similar between years. The least competition for sunlight
occurred in the BAS and T&B plots; the most competition occurred in plots
with Brussels sprout plants. More light penetrated the T&B mixture than the
T&S mixture in both years; the difference between T&B and S&B was also
significant in 2001.

FIGURE 3 Cumulative degree days and precipitation between 1 June and 31 October, 2001
(dashed lines) and 2002 (solid lines). Degree days calculated in metric using the single sine
method with a 10 °C cutoff.

Downloaded by [Elon University] at 07:18 07 September 2012

404

M. K. Bomford

FIGURE 4 Proportion of soil surface exposed to sunlight (Sunfleck) and soil volumetric
water content (VWC) by treatment in 2001 (ⴰ, n = 3) and 2002 (•, n = 4). Arrows show
change between years. Bars denote standard error of each mean. Trendline and equation
show relationship between Sunfleck and VWC in 2002; no significant relationship was found
in 2001.

The RCI in mixtures was always positive for one crop and negative for
the other (Figure 5), meaning that one crop faced less competition in the
mixture than in pure stands, and the other faced more. Brussels sprout
plants faced less competition in mixtures than in pure stands; basil faced
more competition in mixtures; and tomato faced more competition when
paired with Brussels sprout, but less when paired with basil (Figure 5). The
sum of RCIs for both crops in a mixture tended to be positive in 2001, but
negative in 2002 (Figure 5), suggesting that net inter-specific competition
was less than net intra-specific competition in 2002 only.

Basil
Basil yields averaged 1.4 and 3.4 kg m−2 in 2001 and 2002, respectively. The
contribution of differing resource levels to this difference was confounded
with the effect of reduced harvest frequency, allowing the basil canopy to
fill in more in 2002 than in 2001 (Figure 4). Individual basil plants yielded
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FIGURE 5 Relative competition intensity (RCI) for plants representing primary and secondary
crops (RCI1 and RCI2, respectively) in each mixture in 2001 (ⴰ, n = 3) and 2002 (•, n = 4).
Arrows show change between years. Bars denote standard error of each mean. The dotted
line is the threshold at which the sum of RCIs for both crops is zero.

more in pure stands than in beds with Brussels sprout companions (Table 2).
Basil plants with tomato companions produced less biomass than plants in
monoculture in 2001, but differences were not significant in 2002 (Table 2).
Basil yields were five times greater in pure stands than in mixed plantings
(Table 2).
Relative basil leaf chlorophyll content, measured in SPAD units at season
end, was correlated with basil plant weight at final harvest when years were
pooled (r = 0.91, d.f. = 20, p < 0.001) and when data from 2001 (r = 0.90, d.f .= 8,
p < 0.001) and 2002 (r = 0.82, d.f. = 11, p < 0.002) were analyzed independently (Figure 6). Relative leaf chlorophyll content and basil yield were both
higher in 2002 than in 2001. In both years the highest values were found in
pure stands and the lowest were found in Brussels sprout mixtures (Figure 6).

Brussels Sprout
Aboveground Brussels sprout biomass removed at season end averaged 9.5
and 5.5 kg m−2 in 2001 and 2002, respectively. The marketable proportion of
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TABLE 2 Fresh Weight of Above-ground Biomass Collected Throughout Season
Log plant biomass (back
transformed to g plant−1)
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Crop Treatment
Basil
BAS
S&B
T&B
S.E. of diff.
Brussels sprout
SPT
S&B
T&S
S.E. of diff.
Tomato
TOM
T&B
T&S
S.E. of diff.

2001 (n = 3)

Log yield (back transformed
to g m−2)

2002 (n = 4)

2001 (n = 3)

2002 (n = 4)

5.72 (305) a
1.22 (3) c
3.97 (53) b
0.18

6.27 (528) a
5.37 (215) b
5.96 (389) ab
0.28

8.36 (4264) a
2.94 (19) c
5.54 (254) b
0.18

8.91 (7391) a
7.09 (1204) b
7.53 (1865) b
0.28

7.57 (1945) a
8.17 (3545) a
7.67 (2137) a
0.19

6.82 (915) b
7.75 (2319) a
7.24 (1389) ab
0.17

9.34 (11350) a
9.25 (10363) a
8.87 (7122) a
0.19

8.57 (5282) a
8.82 (6795) a
8.44 (4629) a
0.17

8.20 (3626) ab
8.60 (5410) a
7.82 (2477) b
0.17

7.36 (1577) bc
7.92 (2752) a
7.26 (1419) c
0.10

9.68 (16058) a
9.51 (13535) a
8.37 (4307) b
0.17

8.85 (6981) a
8.84 (6884) a
7.81 (2468) b
0.10

Calculated means of log transformed data are followed by back-transformed figures in parentheses.
Means for a single crop followed by the same letter within a column are not significantly different,
Tukey’s test (p < 0.05).

this biomass was very low because most auxiliary buds (sprouts) did not
reach a marketable size, or were too loose. Marketable sprout weight in
2001 averaged 6.6% of plant biomass, resulting in a linear correlation (r2 =
0.44, n = 147, p < 0.001) between the two quantities. Marketable weight in
2002 was <0.3% of plant biomass.
Brussels sprout plants grown with basil tended to be heavier than those
grown in monoculture (Table 2), but this difference was only statistically
significant in 2002 (Table 2). Yield did not differ by treatment (Table 2). No
relationship was observed between relative leaf chlorophyll content and
Brussels sprout yield (data not shown).

Tomato
More tomato biomass was removed in 2001 (12.3 kg m−2) than in 2002
(5.7 kg m-2). Fruit accounted for most (88% in 2001; 77% in 2002) of this
biomass. The mean weight of individual tomatoes did not differ significantly
between years (134 ± 4 and 121 ± 3 g fruit-1 in 2001 and 2002, respectively),
but each plant produced more fruits in 2001 (28.3 ± 3.0) than in 2002
(15.8 ± 1.4), reflecting a shorter harvest period, fewer harvests, and a lower
yield per harvest in 2002.
Tomato plants grown with basil produced more fruits per plant (27.7 ± 3.4),
than those grown in monoculture (20.6 ± 3.3) or with Brussels sprout
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FIGURE 6 Relationship between relative chlorophyll content (SPAD reading) of basil
leaves and fresh weight per basil plant at final harvest in 2001 (ⴰ, n = 3) and 2002 (•, n = 4).
Basil was grown in pure stands (BAS), or in mixtures with tomato (T&B) or Brussels sprout
(S&B). Arrows show change between years. Bars denote standard error of each mean.
Trendline and equation show relationship between SPAD reading and plant weight for
pooled data.

companions (15.2 ± 2.1). Plants grown with basil companions produced
more biomass than those grown in monoculture, or with Brussels sprout
companions (Table 2). Tomato yields were reduced by Brussels sprout
companions (Table 2). No relationship was observed between relative leaf
chlorophyll content and tomato yield (data not shown).

Mixture LER
RY of primary and secondary crops in each mixture is shown in Figure 7.
The sum of RYs for each mixture is the mixture LER, which tended to
exceed one in 2002, but not in 2001 (Figure 7, Table 3). One crop in
each mixture tended to dominate, accounting for more than two-thirds
of LER. Tomato and Brussels sprout both dominated in mixtures with
basil, and Brussels sprout tended to dominate in mixtures with tomato
(Figure 7).
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FIGURE 7 Relative yield of primary and secondary crops in mixtures (RYA and RYB, respectively) as a proportion of pure stand yields in 2001 (ⴰ, n = 3) and 2002 (•, n = 4). The sum
of RYs for a mixture is the land equivalence ratio (LER). Arrows show change in LER for each
treatment between years. Bars denote standard errors of each mean.

TABLE 3 Land Equivalence Ratio (LER) of Three
Mixtures by Year ( x ± S.E.)
LER
Mixture

2001 (n = 3)

2002 (n = 4)

S&B
T&B
T&S

0.93 ± 0.13
0.91 ± 0.07
0.92 ± 0.10

1.46 ± 0.03*
1.28 ± 0.05*
1.25 ± 0.13

*Significantly different from one at the 0.05 probability
level (one-tailed t-test).

Brussels sprout accounted for 68% and 88% of the change in LER
observed between years for the S&B and T&S combinations, respectively (Figure 3). Basil accounted for 78% of the increase in the T&B
combination.
The change in LER between 2001 and 2002 was due to Brussels sprout
and tomato yields in pure stands falling more than in mixed plantings, and
basil yields in mixtures increasing more than in pure stands.
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DISCUSSION
This study evaluated the effect of mixed planting in the context of BIA
garden systems grown according to the methods of Jeavons (2006). Most
studies that calculate LER values use either an additive design, in which the
density of the primary crop is held constant between mixed plantings and
pure stands, or a replacement design, in which total plant density is held
constant (Freckleton and Watkinson, 2000; Jolliffe, 2000). The former
confounds polyculture and total plant density effects; the latter confounds
polyculture and individual crop density effects. Following current BIA recommendations for plant spacing in mixed stands confounds all of these
effects, and requires more land for mixed plantings than pure stands, as discussed below.
Jeavons (2006) recommends that inter-plant spacing in mixtures, smix,
be set to the mean of the recommended spacing for the component crops,
sA and sB, grown in pure stands:

smix =

s A + sB
2

(2)

The relationship between plant density, D, and inter-plant spacing, s, in a
hexagonal lattice formed by offset rows in which inter-plant spacing is held
constant within and between rows (e.g., Figure 1) is:

D=

2
3s 2

(3)

Combining equations 1 and 2 gives the planting density in mixtures, Dmix,
spaced according to Jeavons’ recommendation:

Dmix =

2
⎛ s + sB ⎞
3⎜ A
⎝ 2 ⎟⎠

2

(4)

Since Eq. 1 weights each crop equally, it appears to be based on an
assumption of equal component crop proportions, yet Jeavons’ planting diagrams (e.g., Figure 1) call for uneven mixture proportions. Planting density
in Jeavons’ mixtures is determined by the mean spacing of component
crops, even though density is the inverse square of spacing. As a result,
mixtures spaced according to Jeavons’ recommendations require more land
per plant than pure stands: The mixtures grown in this study required 20%
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TABLE 4 Plant Density in Mixed Stands Spaced According to Popular BIA Recommendations
(Jeavons, Eq. 4) and Recommendations Introduced Here (Bomford, Eq. 5)
Mixed stand density
(plants m−2)

Pure stand density
(plants m−2)
Mixture
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S&B
T&B
T&S

Primary
crop

Secondary
crop

Jeavons
(Eq. 4)

Bomford
(Eq. 5)

Additional
land needed for
BIA mixture (%)

5.7
4.3
5.7

12.8
12.8
4.3

8.2
6.9
4.9

10.5
10.0
5.2

21.5
31.2
6.0

Mixed stand densities are derived from recommended densities for pure stands of component crops,
assuming a primary:secondary crop ratio of 1:2. Additional land needed for mixtures spaced according
to the popular BIA recommendation, relative to land needed for separate pure stands, is shown for the
mixtures tested in this study. The new recommendations require the same amount of land for mixed
plantings as for separate pure stands, assuming that pure stands and mixtures each contain the same
total number of plants from each crop.

more land, on average, than would two pure stands with the same total
number of plants (Table 4).
Land use efficiency is often positively correlated with planting density
(Jolliffe and Wanjau, 1999; Park et al., 2002). High-density planting is one of
the reasons given by Jeavons for higher yields in biointensive systems (Jeavons,
2006). Although this study found an advantage to mixed plantings in 2002, it
likely underestimated the mixture advantage that would be achieved if the
same land area were dedicated to the mixtures as to pure stands of the component crops. Calculation of the LER index uses pure stand yield in the
denominator. A higher density in pure stands than mixtures is likely to result
in higher pure stand yields and a lower LER value than would otherwise be
expected.
A fairer comparison of mixture and pure stand yields would have mixture planting density, Dmix, set to the sum of densities of the primary and
secondary crops in monoculture, DA and DB, respectively, each multiplied
by their proportion in the mixture, p and 1-p, respectively:

Dmix =

1
p 1− p
+
DA
DB

(5)

Inter-plant spacing can then be calculated from target density. In a hexagonal lattice the relationship between mixture spacing and component crop
spacing in pure stands would be:

smix =

2
=
3 Dmix

2 ⎛ p 1 − p⎞
+
= ( ps 2A + (1 − p ) s B2 )
DB ⎟⎠
3 ⎜⎝ D A

(6)
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Equations 5 and 6 give similar results to Equations 4 and 2 if the component crops in a mixture have similar spacing (e.g., tomato and Brussels
sprout), but increasingly divergent results as the recommended spacings of
component crops diverge. When recommended spacings for component
crops differ substantially (e.g., tomato and basil) Equations 5 and 6, introduced here, tend to recommend higher densities and tighter plant spacing
than Equations 4 and 2, derived from Jeavons (2006). Recognizing that
Equation 6 is more complex than Equation 2, I have made a spreadsheet
available for download that calculates plant spacing and target density for
mixed plantings in BIA systems (Bomford, 2007; Figure 8). To my knowledge, this is the first such tool designed to calculate mixture densities based
on both crop proportion and recommended density in pure stands. It is
intended to provide spacing recommendations for field use, and to generate
experimental designs allowing the calculation of relative land output values,
which require that mixtures have the same number of plants, and occupy
the same total land area, as pure stands of the component crops (Jolliffe,
1997). Its use will avoid confounding total plant density with polyculture
effects in comparisons of mixtures and pure stands without requiring

FIGURE 8 Screenshot of a spacing calculator available for download (Bomford, 2007). Dropdown menus offer a selection of spacing recommendations for pure stands ( ), primary and
secondary crops ( ), and crop ratios ( ). Spacing recommendations and final planting
densities are calculated for pure stands and mixtures in metric and U.S. measurement units.
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constant plant spacing between mixtures and pure stands, as in substitution
designs.
Mixed plantings made more efficient use of land than pure stands in
2002, but not in 2001. Tomato and Brussels sprout plants were transplanted
into plots later in 2002 than in 2001 (Figure 2), and 2002 was drier than 2001
(Figure 3). Both of these differences likely contributed to smaller and less
competitive tomato and Brussels sprout plants in 2002. Basil seems to have
benefited from the reduced size of its companions: With more access to
light it accumulated more chlorophyll and produced more aboveground
biomass. Tomato and Brussels sprout also used land more efficiently when
mixed together in 2002, but not in 2001, suggesting complementary use of
resources when plants were smaller and moisture was more limiting. The
observation supports the contention of Rao and Willey (1980) and Natarajan
and Willey (1986) that mixtures offer a greater yield advantage over pure
stands when moisture is limited, but does not agree with a recent model
suggesting no effect of moisture availability on LER (Tsubo et al., 2005) or
with an earlier report of a mixture yield advantage in a wet year but not in a
dry one (Fisher, 1976).
This study showed a relationship between SPAD readings and basil
yield, but no relationship between SPAD readings and tomato or Brussels
sprout yield. SPAD readings have previously been correlated with leaf chlorophyll content in a variety of crops including rice (Jiang and Vergara, 1986),
corn (Dwyer et al., 1991), wheat, barley, and triticale (Giunta et al., 2002).
SPAD readings have also been correlated with yields of crops including corn
(Blackmer and Schepers, 1994), potato (Gianquinto et al., 2003) and cabbage
(Westerveld et al., 2003). This effect is not consistent, however: Westerveld
et al. (2003) report correlations between SPAD readings and cabbage in one
year, but not another; and Martini et al. (2004) report higher SPAD readings
in conventional tomato plants than organic, but higher yields from the
organic tomatoes. The results suggest that tomato and Brussels sprout plants
were not limited by nitrogen or light, but basil plants were.
Despite vigorous growth and superior competitiveness of Brussels
sprout plants, most sprouts were bitter and elongated, rendering them
unmarketable. These problems are associated with excessive heat or nitrogen (Rahn et al., 1993), and were more pronounced in 2002 than 2001. Brussels sprout is a cool season crop, while basil and tomato are warm season
crops; their differing heat requirements make them poor companions for
concurrent production. A previous attempt to transplant Brussels sprout into
tomato or basil beds in mid-summer, for winter harvest, did not result in a
marketable harvest because Brussels sprout plants did not compete successfully with companion crops that had a much earlier start (Bomford, 2004).
Differences between 2001 and 2002 should not obscure the similarities
that emerged between treatments across years. All crops showed a decrease
in RCI and an increase in RY from 2001 to 2002, but the relationship
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between crops changed very little when evaluated by either of these indices
(Figures 5 and 6): The stronger competitor in each mixture was the same in
both years, and the proportion of LER accounted for by each crop was very
similar. The crops mixed in this study had similar effects on one another in
both years, supporting the idea that specific companion mixtures could be
recommended with an expectation that they would offer consistent benefits
to producers.
Both of the popularly recommended mixtures tested in this study
included basil as a secondary crop. Basil was the least competitive crop of
those tested, and it did not significantly reduce weight or yield of tomato or
Brussels sprout grown with it, relative to pure stands. In 2002, individual
tomato and Brussels sprout plants produced more aboveground biomass
when grown in mixtures with basil than in pure stands. Tomato and Brussels sprout yields did not differ significantly between basil mixtures and
pure stands, even though their density in basil mixtures was half their density in pure stands. This could be taken as evidence that basil enhanced
growth of its companions, as claimed in some popular publications (e.g.,
Riotte, 1975), or as evidence that the pure stand density of tomato and Brussels sprout was excessive, with the observed benefit due to the reduction in
same-species neighbors, not the introduction of basil companions.
The biomass produced by individual tomato or Brussels sprout plants
in tomato–Brussels sprout mixtures did not differ significantly from pure
stands. Although the LER of this mixture was not significantly greater than
one in either year, differences lacked significance due to variability between
replicates: The T&S mixture showed the same tendency to increase between
2001 and 2002 as the other mixtures (Figure 7). Both tomato and brassica
crops have been shown to inhibit growth of some other plant species
through allelopathy (Kluson, 1995; Kim, 2001), but this study showed no
evidence of antagonism between the two crops when mixed. The LER values of 0.92 and 1.25 calculated for Brussels sprout–tomato mixtures grown
in 2001 and 2002 in this study are lower than the values of 1.70 and 1.63
calculated from data presented by Brown et al. (1985) for cabbage–tomato
mixtures grown in 1981 and 1982 in Illinois. Neither study supports the
assertion of popular manuals (Riotte, 1975; Jeavons, 2006) that tomato and
brassicas should not be grown together due to mutual antagonism. The fact
that Brussels sprout thrives in cooler conditions than tomato or basil is a
better reason for choosing not to mix these crops.

SUMMARY AND CONCLUSIONS
1. Mixed plantings used land more efficiently than pure stands in BIA systems grown according to popular recommendations in 2002. No mixture
advantage was observed in 2001. Water was a more limiting resource,
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and RCI was lower, for all crops in 2002. Results suggest that mixed
planting can increase land-use efficiency of BIA systems under resourcelimiting conditions.
2. Popular recommendations for calculating inter-plant spacing in mixed
BIA beds tend to result in lower density in mixed plantings than in segregated pure stands with the same total number of plants. This difference is
more pronounced as recommended spacings for component crops
diverge. Current popular recommendations do not account for the
proportion of each crop in a mixed planting. New recommendations are
proposed to address these problems. A spreadsheet is available for
download that calculates inter-plant spacing in mixed plantings according to the revised recommendations (Bomford 2007). The new recommendations are expected to improve land-use efficiency of mixed stands
and allow a fairer comparison of mixed plantings and pure stands in BIA
systems.
3. All mixtures consisted of one crop that faced more competition in the
mixture than in pure stands (RCI > 0), and another that faced less (RCI < 0).
Basil was the least competitive component crop, accounting for less than
one-third of LER in mixed plantings, and the only crop for which relative
leaf chlorophyll content was correlated with biomass production. Brussels sprout was the most competitive crop, accounting for at least twothirds of LER.
4. Two mixtures popularly recommended for BIA systems (tomato and
basil; Brussels sprout and basil) did not offer superior land-use efficiency
to a popularly discouraged combination (tomato and Brussels sprout).
The consistently poor marketable Brussels sprout yield in all treatments
was probably due to excessive heat for the cool-season crop; it was not
due to poor plant growth. Cool-season crops should not be mixed with
warm-season crops for synchronous growth in mixed plantings.
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