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revenue: multi-year analysis of an 
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Intercropping is proposed as a promising strategy to meet future food demand while 
reducing agriculture’s environmental impact by re-diversifying agricultural fields. 
Strip cropping, a form of intercropping, has a potential to simultaneously deliver 
multiple ecosystem services including productivity, while facilitating management 
as strip width can be adjusted to the working width of available machines. While 
the yield performance of strip cropping systems is influenced by the interaction 
between neighboring crops, to date, empirical studies on the performance of various 
crop combinations in strip cropping systems are limited. Here we used three-year 
data (2020–2022) from a 64-ha organic strip cropping system in the Netherlands 
to (1) evaluate the effects of crop neighbors and strip cropping on yield and (2) 
explore if optimizing the allocation of crop neighbors in alternative strip cropping 
configurations can improve yield and revenue performances. We analyzed the 
edge effect and strip cropping effect on yield of six crops grown in strips, each 
neighboring a total of five crops. The yield data was then used to evaluate the 
performance of the current and alternative strip configurations in terms of LER 
and relative revenue. Results showed that except for the positive effect observed 
on potato when neighboring celeriac or broccoli, edge effects lacked statistical 
significance. Strip cropping effect varied per crop: positive for faba bean and 
parsnip, neutral for celeriac and potato, and negative for oat and onion. Analysis 
across crops showed an overall significant positive strip cropping effect on yield. 
These findings highlighted the value of analysis at the cropping system level in 
developing designs aimed at unlocking the potential of strip cropping. The positive 
but variable strip cropping effects observed in the current experimental design 
and the two alternative configurations suggests prioritizing an overall increased 
crop diversity over optimizing their spatial arrangement. While we demonstrated 
increased productivity with strip cropping, further research is needed to expand 
the database on optimal crop combinations, extending the evaluation beyond 
yield and revenue performances to facilitate broader adoption of strip cropping 
in the Netherlands and Western Europe.
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1 Introduction

Agricultural diversification has been put forward as a way to lower agriculture’s 
environmental impact without penalizing its productivity (Tamburini et  al., 2020), by 
reutilizing the agroecological functioning of agroecosystems that have been replaced by the 
intensive use of agrochemicals (IPES-Food, 2016). Among diversification practices, 
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intercropping—the practice where multiple crops are grown 
simultaneously in the same field for at least part of their growing 
cycle—has been proposed as a promising strategy to simultaneously 
deliver multiple ecosystem services (Brooker et al., 2015; Beillouin 
et al., 2019a; Tamburini et al., 2020). In terms of yield, intercropping 
has been shown to increase yield quantity (see, e.g., Mu et al., 2013; 
Dong et  al., 2018), quality (see, e.g., Bedoussac and Justes, 2010; 
Juventia et al., 2021), and stability (Stomph et al., 2019) compared to 
sole-crop monocultural systems. When implemented in organic 
systems, it has a potential to reduce the conventional-to-organic yield 
gap (Kremen and Miles, 2012; Ponisio et al., 2015).

In intercropping, crops can be  arranged in different spatial 
arrangements, and the type and intensity of their interactions depend 
on the type of arrangement and species involved (Malézieux et al., 
2009). In the Netherlands, dominated by intensive industrial 
agriculture, strip (inter-)cropping has received much attention 
(Schouten, 2018; Juventia et al., 2022). In strip cropping, long narrow 
strips consisting of multiple rows of one crop species are grown 
simultaneously next to strips of other crop species. Strips are wide 
enough to allow independent crop management by machinery but 
narrow enough for the crops to interact (Hauggaard-Nielsen, 2010; 
Juventia et  al., 2021). The independent crop management strip 
cropping is considered easier to manage compared to other 
intercropping systems because the strip width can be adjusted to allow 
use of available farm equipment.

Several studies have shown the potential of strip cropping to 
deliver multiple ecosystem services. For instance, pest and disease 
control has been shown to be improved in strip cropping, compared 
to sole crop since the alternating strips of different crops can act as 
barriers in the field, thereby reducing the spread of pests and diseases 
(Bouws and Finckh, 2008; Ditzler et al., 2021b; Cuperus et al., 2023; 
Croijmans et al., 2024). Weed density was found to be significantly 
lower in strips compared to sole crops (Głowacka, 2013). Biodiversity 
is expected to increase as the spatial and temporal niche differentiation 
facilitates species to migrate to nearby strips during disturbance 
(Lopes et al., 2015; Hatt et al., 2017). Cultural ecosystem service in 
terms of aesthetic quality may be enhanced as the diversity within the 
field increases (Junge et al., 2015).

In addition to the above-mentioned ecosystem services, several 
studies have shown the potential of strip cropping to increase 
productivity compared to sole crop [see, e.g., Yu et al. (2015) and Zhu 
et al. (2023)], although the interactions between two crops that can 
benefit productivity in strip cropping are thought to mostly occur at the 
strip border, in the edge rows of the neighboring strips (Austin and 
Blackwell, 1980; Van Oort et al., 2020; Wang et al., 2020). This is in 
contrast to mixed intercropping where crops are sown together in no 
particular pattern or arrangement (Homulle et al., 2022). Facilitation 
and complementarity occurring through temporal, spatial, and chemical 
niche differentiation between the intercropped species are considered 
the main mechanisms to be  responsible for increasing yield in 
intercropping systems (Justes et al., 2014; Duchene et al., 2017; Stomph 
et al., 2019). Temporal niche differentiation occurs when crops differ in 
crop growth and development patterns in time, leading to staggering in 
their concurrent nutrient and water requirements (Gebru, 2015; Dong 
et al., 2018). Spatial niche differentiation in leaf canopy or root system 
of the intercrops enables complementary use of available resources in 
terms of light interception as well as water and nutrient uptake from 
different canopy heights or different soil layers (Gebru, 2015). Intercrops 

may also have the ability to mobilize various chemical forms of 
nutrients, resulting in chemical differentiation (Homulle et al., 2022).

To minimize competition and promote complementarity or 
facilitation in strip cropping, the selection of crop combinations that 
would enable these mechanisms is essential. However, identifying crop 
combinations to optimize yield is a challenge given the currently limited 
empirical studies on the performance of different crop combinations in 
strip cropping systems (Isbell et  al., 2017). Roughly 80% of meta-
analyses on intercropping, species mixtures, and/or associated plant 
species focus on cereals and legumes (Beillouin et al., 2019b), with four 
legume species dominating 70% of the reviewed studies (Ditzler et al., 
2021a). Given the growing need by current and aspiring farmers, 
advisors, and engaged researchers in the strip cropping network in the 
Netherlands, this paper aims to bridge the knowledge gap on what 
constitutes good crop combinations for optimizing yield. Furthermore, 
given that poor spatial configuration may lead to negative effects on the 
delivery of ecosystem services (Juventia et al., 2022), the potential of 
improving the production performance of the current crop rotation by 
optimizing the spatial allocation of crop neighbors will be explored.

To this end, we used three-year data (2020–2022) from a strip 
cropping system composed of eight arable crops at a commercial 
organic farm in the Netherlands to evaluate the effects of crop 
neighbors and strip cropping on yield and explore if optimizing the 
allocation of crop neighbors in alternative strip cropping configurations 
can improve yield and revenue performances. This question is divided 
in three research questions: (i) What is the effect of crop neighbors on 
the yield of the edge row compared to the center row in the strip (i.e., 
edge effect)?; (ii) What is the effect of strip cropping on yield per crop 
and across crops compared to sole crop reference (i.e., strip cropping 
effect)?; and (iii) What is the effect of the current and alternative strip 
cropping configurations compared to sole crop reference in terms of 
Land Equivalent Ratio (LER) and revenue? We hypothesized that the 
edge effect by the different crop neighbors would result in different 
yield performances and that the overall strip cropping effect would 
be neutral. We expected that an optimal configuration can be found by 
combining best performing combinations.

2 Materials and methods

2.1 Site description

The study was conducted from April 2020 to November 2022 on 
a 64-ha field of Exploitatie Reservegronden Flevoland (ERF B.V.) 
(52°23′33.1” N, 5°19′07.6″ E) representing an average farmsize in the 
Netherlands (BIN, 2023). ERF B.V. is the commercial part of a 
non-profit foundation Beheer en Exploitatie Reservegronden Flevoland 
and is the largest organic farm in the Netherlands with 15 employees 
and hired contract workers. The soil type is silty clay and the field is 
surrounded by a homogenous intensively farmed arable crop 
landscape with few natural elements (Kragten and De Snoo, 2008). 
The average temperature and annual mean rainfall between 1991 to 
2020 were 10.5°C and 792 mm (KNMI, 2023). These were 11.7°C and 
785 mm in 2020 (KNMI, 2020); 10.4°C and 806 mm in 2021 (KNMI, 
2021); and 11.6°C and 729 mm in 2022 (KNMI, 2022).

Field management followed organic regulations, applying no 
pesticides and only organic manure. Land preparation was done by 
rotary tiller. Boom irrigation was applied in 2020 and was replaced by 
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drip irrigation installed in 2021. Weeding was done by mechanical 
harrowing or by hand. Management practices for strip cropping and 
sole cropping were always the same to make valid comparisons 
between the two cropping systems. All crops were managed 
independently of the other crops. There were some variations in field 
management between the years concerning cultivar choice, irrigation, 
and sowing and harvest dates (Table 1).

2.2 Experimental design

Prior to the start of the strip cropping experiment in 2020, the 
field was under sole cropping of cabbages (2017), red beet (2018), and 

pea (2019). During the experiment, both strip and sole cropping 
systems followed a fixed crop rotation (Figure 1). The experimental 
design which includes choices on the strip width, crops and cultivars, 
and the spatio-temporal configuration of the strips (i.e., temporal 
crops sequence and spatial allocation of the crops in strips), was 
co-developed by the farmers and the researchers, with the focus on 
systematically testing the yield effect of crop neighbors in an applied 
practical setting. This means that the allocation of crop neighbor was 
not optimized ex-ante. The choice of strip width was considered based 
on a management and an agroecological perspectives. While a greater 
strip width allows for simultaneous and practical management, a 
narrower width allows for temporal niche differentiation and habitat 
continuity and contiguity (Landis et al., 2000; Lee et al., 2001; Juventia 

TABLE 1 Crop and field management 2020–2022.

Crop Year Cultivar Sowing date Harvest date Irrigation Fertilization

Faba bean 2020 Tiffany 15 April 12 Aug 2×20 mm BI No additional fertilization

2021 Cartouch 26 April 14 Sep 20 mm BI 30 m3/ha slurry before 

sowing GM

2022 Macho 21 April 9 Aug 20 mm BI 30 m3/ha slurry before 

sowing GM

Broccoli 2020 NA 14, 20 July 21 Sep – 19 Oct 2×20 mm BI No additional fertilization

2021 NA 22 May Sep – Oct 30 mm DI +0 mm BI 30m3/ha slurry +150 kg/ha 

OPF 11–0-5 granular

2022 Marathon, Parthenon, 

Larsson (±30% each)

5, 14 July 27 Sep – 26 Oct 70 mm total (DI + BI) 30 m3/ha slurry

Celeriac 2020 Yara 25 May 27 Nov 2×20 mm BI No additional fertilization

2021 Calgary 7 June 22 Nov 30 mm DI +20 mm BI No additional fertilization

2022 Calgary 23 May 7 Nov 0 mm No additional fertilization

Grass--clover 2020 NA 20 April 7 July, 2 Sep 2×20 mm BI No additional fertilization

2021 NA 22 April 20 July, 20 Sep 0 mm No additional fertilization

2022 NA NA NA 20 mm BI No additional fertilization

Oat 2020 Horsch 8 April 10 Aug 2×20 mm BI No additional fertilization

2021 Olympic 15 April 24 Aug 20 mm BI 30 m3/ha slurry before 

sowing GM

2022 WPB Elyan 25 March 27 July 20 mm BI 30 m3/ha slurry before 

sowing GM

Onion 2020 Centurion, Sturon 

(±50% each)

2 May 11 Sep 2×20 mm BI No additional fertilization

2021 Red baron 22 April 16 Aug 20 mm BI 30 m3/ha slurry before 

sowing GM

2022 Jetset 15 March 1 Aug 20 mm BI 30 m3/ha slurry before 

sowing GM

Parsnip 2020 Gladiator 22 May 23 Sep 0 mm No additional fertilization

2021 NA 16 June 20 Oct 0 mm No additional fertilization

2022 Javalin 1 June 19 Oct 20 mm BI No additional fertilization

Potato 2020 Allians 24 April 2 Sep 2×20 mm BI No additional fertilization

2021 Agria 27 April 16 Sep 30 mm DI +20 mm BI No additional fertilization

2022 Allians 26 April 18 Aug 20 mm BI 30 m3/ha slurry

In 2020 and 2021, the whole field was fertilized with 8 t/ha manure and 5 t/ha chicken manure.
In 2022, 10 t/ha solid cow manure was applied. Additional fertilizer is shown in the table. BI, irrigation with boom; DI, drip irrigation; GM, green manure; NA, data not available.
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et al., 2022). A strip width of 6 meters was selected to align with the 
feasible operational width of the farm’s existing machinery. Eight crops 
were chosen to be  grown in an eight-year rotation: grass—clover 
mixture (Lollium multiforum L., and Trifolium repens L.), followed by 
celeriac (Apium graveolens var. rapaceum), broccoli (Brassica oleracea 
var. italica), oat (Avena sativa L.), onion (Allium cepa L.), parsnip 
(Pastinaca sativa L.), faba bean (Vicia faba L.), and potato (Solanum 
tuberosum L.). In 2020, seed onion was cultivated for plant propagation 
material, which was changed to plant onion for consumption in 2021. 
Figure 1 shows the experimental layout which follows an incomplete 
block design with four blocks, each consisting of two sole crop 
references, 32 strips, and one perennial grass and flower strip. Across 
the field, each crop was cultivated in one sole crop reference and 16 
strips that neighbor five different crops (Table 2). Per crop, each of the 
five neighboring crops were present in at least four blocks each year. 
The incomplete block design allows for comparison of strips with sole 
crops and of strips with the different crop neighbors across blocks 
and years.

The crops analyzed in this study were faba bean, celeriac, oat, 
onion, parsnip, and potato (Table 2). Grass—clover yield was not 
analyzed as its primary function for the farmers in the rotation is weed 
control and soil health, but not commercial revenue. Unfortunately, 
we were not able to obtain reliable yield data on broccoli and therefore 
this crop was removed from the analyses. Due to weather conditions 

and market demand broccoli cultivars, harvest moment, and criteria 
(for fresh market or industry) were changed within the field and years, 
making comparisons unreliable. All eight crops were included as crop 
neighbors. The perennial grass and flower strips were excluded as crop 
neighbors, due to a lack of repetition in the field.

The edge effect of a crop neighbor on yield was analyzed per crop, 
comparing the yield estimate of a crop on the edge row adjacent to a 
neighboring crop with its yield on the center row. The strip cropping 
effect of crops grown in strip versus sole crop was analyzed per crop 
and across crops, where the yield estimate of each crop grown in the 
strip was compared with its yield in the sole crop.

2.3 Data collection

Gross harvest yield (i.e., kg fresh harvestable matter per m2) of the 
six crops were collected from 2020 to 2022 during the harvest period 
from August to November. Yield was collected through manual 
sampling by hand, except for faba bean and oat where machine-
harvest data per strip was available (Table 3). Hand-harvest samples 
were at least 100 meters away from the end of the strip. In 2020, for 
each crop, samples were collected from each strip at one randomly 
determined transect perpendicular to the direction of the strips. In 
2021 and 2022 this was increased to two transects per strip. Per 

FIGURE 1

Overview of the strip cropping field in 2022. Colors represent the different crops. Each crop was cultivated in four strips per block, which equals a total 
of 16 strips over the field. Two sole-crop reference plots, each of a 2-ha area, were present per block. The black dashed lines separate the four blocks. 
The legend represents the sequence of the crop rotation when read from top to bottom.
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transect, three positions were sampled with exception for onion. In 
the strip, one center row and two edge rows were sampled, while in 
the sole crop, these were the three rows in the center of the sole crop 
reference. For onion, two swaths from the western half of the strip 
(i.e., the 1st-4th rows) and the eastern half (i.e., the 5th-8th rows) were 

sampled following mechanical lifting which lifted the onions from the 
ground and formed the two swaths. The sampling area per crop 
differed as this was based on the planting density of the crop and for 
reasons of feasibility (Table 3). The total fresh weight of the produce 
per sampling area was measured using a field scale, from which yield 
per unit area was calculated.

2.4 Data analyses

2.4.1 Relative yield to evaluate crop neighbor and 
strip cropping effect

Relative yield (RY), i.e., the ratio of intercrop to the reference 
yields (Willey, 1979), was calculated to evaluate the effect of crop 
neighbors and strip cropping. To analyze the crop neighbor effect, the 
center row within the strip was used as the reference as in Equation 1:

 
  crop neighbor

IYieRelative yield
IYim

=
 

(1)

where IY is the intercrop fresh weight per unit area of the crop i. 
The e represents the edge row of crop i adjacent to a crop neighbor, 
while m represents the center row from the same strip of the crop i. 
Given that each crop neighbors five other crops (Table  2), five  
RYcrop neighbor values per crop were calculated. An edge effect is present 
when RYcrop neighbor is significantly different from one.

The effect of strip cropping was analyzed per crop and across the 
six crops using Equation 2:

 
  strip cropping

IYRelative yield
SY

=
 

(2)

where IY is the intercrop fresh weight per unit area and SY is the 
sole crop yield. For faba bean (2020–2021) and oat (2020–2022), 
machine-harvest yield per strip-and sole-cropped area was used. For 
all other crops where samples were collected by hand-harvest, only the 
yield from the center rows were included in analyzing the strip 
cropping effect as the center rows were considered to be representative 
of the yield per strip or sole crop (see Table 3). The absolute yields per 
year and per crop in both strip and sole crop systems are provided in 
Supplementary Table S4B. A strip cropping effect is present when  
RYstrip cropping is significantly different from one.

2.4.2 Alternative spatial configurations
To facilitate the focus of this experiment which was to 

systematically test the yield effect of as many crop neighbors as 
possible in an applied practical setting, two distinct sub-configurations 
(i.e., sub-configurations #1 and #2, Supplementary Figure S1) were 
combined into one configuration—the current experimental design 
(Figure 1). Both sub-configurations followed the same crop rotation 
and honored the ‘hop-skip-jump’ principle after Vereijken (1997), 
such that a crop is not planted in a strip adjacent to where it was last 
year, in order to create discontinuity for pest and disease in space 
(Juventia et al., 2022). While in sub-configuration #1 each crop had 
four neighbors, in sub-configuration #2 each crop neighbored three 
crops. Each of this sub-configuration was then used to build the 
alternative spatio-temporal configurations #1 and #2, respectively 
(Supplementary Figure S1).

TABLE 2 Overview of the experimental setup in 2020–2022 to evaluate 
the effects of crop neighbors and strip cropping on the yield of the six 
crops.

Crop Crop neighbor 
effect

Strip cropping 
effect

Faba bean

Center of the strip Sole crop

Broccoli

Strip

Celeriac

Grass—clover

Oat

Onion

Celeriac

Center of the strip Sole crop

Faba bean

Strip

Oat

Onion

Parsnip

Potato

Oat

Center of the strip Sole crop

Faba bean

Strip

Celeriac

Grass—clover

Parsnip

Potato

Onion

Average yield per strip Sole crop

Faba bean

Strip

Broccoli

Celeriac

Grass—clover

Potato

Parsnip

Center of the strip Sole crop

Broccoli

Strip

Celeriac

Oat

Grass—clover

Potato

Potato

Center of the strip Sole crop

Broccoli

Strip

Celeriac

Oat

Onion

Parsnip

Each crop neighbors five other crops. For onion, the average yield per strip was used in 
evaluating the crop neighbor effect as the yield of the center row was not available (see 
section 2.3).
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2.4.3 Performance of the current and alternative 
configurations

Using the gross and relative yield data, we evaluated the overall 
performance of strip cropping on three indicators: (1) land saving 
proportion, (2) relative gross revenue, and (3) breakeven labor cost 
ratio. We compared the current experimental design (Figure 1) and 
the two alternative spatio-temporal configurations (Supplementary  
Figure S1).

2.4.3.1 Land saving proportion
The land equivalent ratio (LER) is one of the most frequently used 

indicators of productivity in intercropping studies because it captures 
in a single value the land area that might be saved by intercropping 
instead of sole cropping (Van der Werf et al., 2021). LER represents 
the ratio of land area needed under intercropping to the area of sole 
cropping to obtain an equal amount of yield at the same management 

level (Mead and Willey, 1980; Vandermeer, 1989). LER was calculated 
based on the fresh yield of the six crops across the 3 years of the 
experiment using Equation 3:

 
j

IYimjLER
SYi

= ∑
 

(3)

where IY is the intercrop fresh weight from the center row m per 
unit sole-crop area of crop i in strip configuration j and SY is the sole 
crop yield of crop i. LER > 1 means that the strip was more efficient in 
terms of land use compared to the sole crop. We calculated the LER 
for the current and alternative configurations. To evaluate the change 
in yield with respect to land required we calculated the associated land 
saving proportions for the current and alternative configurations 
using Equation 4 (Khanal et al., 2021; Van der Werf et al., 2021).

TABLE 3 Gross harvest yield data per crop collected in the period 2020–2022.

Crop Year Method Area (m2) Rows Number of samples

Faba bean 2020 Machine Per strip/ per sole crop All rows 31

2021 Machine Per strip/ per sole crop All rows 42

2022 Hand 1 Strip: 1, 6, 12; Sole crop: 

47, 50, 53

84

Celeriac 2020 Hand 1.5 Strip: 1, 7, 12; Sole crop: 

45, 46, 47

45

2021 NA due to crop failure

2022 Hand 1.5 Strip: 1, 7, 12; Sole crop: 

45, 46, 47

96

Oat 2020 Machine Per strip/ per sole crop All rows 15

2021 Machine and hand Machine: Per strip/ per 

sole crop; Hand: 0.25

Machine: all rows;

Hand: Strip: 1, 6, 12; Sole 

crop: 47, 50, 53

27 (machine),

84 (hand)

2022 Machine Per strip/ per sole crop All rows 28

Onion 2020 Hand 9 Strip: 1–4 and 5–8; Sole 

crop: 53–56 and 57–60

28

2021 Hand 9 Strip: 1–4 and 5–8; Sole 

crop: 53–56 and 57–60

58

2022 Hand 9 Strip: 1–4 and 5–8; Sole 

crop: 53–56 and 57–60

60

Parsnip 2020 Hand 2.25 Strip: 1, 4, 8; Sole crop: 

31–33

45

2021 Hand 2.25 Strip: 1, 4, 8; Sole crop: 

31–33

84

2022 Hand 2.25 Strip: 1, 4, 8; Sole crop: 

31–33

84

Potato 2020 NA due to inconsistent sampling method (center rows not sampled)

2021 Hand 2.25 Strip: 1, 4, 8; Sole crop: 

53, 55, 57

94

2022 Hand 2.25 Strip: 1, 4, 8; Sole crop: 

53, 55, 57

90

Method indicates sample collection method, either machine-or hand-harvest. Area represents the sampling area per sample. Rows indicate the nth row from which the samples were collected 
within the strip or the sole crop reference. The 1st row (western edge) and the 8th or 12th rows (eastern edge, depending on the crop) are directly adjacent to the crop neighbor. All other rows 
represent the center row in the strip or the rows at the center of the sole crop.

https://doi.org/10.3389/fsufs.2024.1452779
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Juventia and van Apeldoorn 10.3389/fsufs.2024.1452779

Frontiers in Sustainable Food Systems 07 frontiersin.org

 
1 1  1LERLand saving proportion

LER LER
−

= = −
 

(4)

The proportion of land saved could be  used for inclusion of 
non-productive elements of semi-natural habitats in or around the 
field like flower strips or hedgerows for increasing biodiversity 
(Bianchi et al., 2006; Sirami et al., 2019; Guo et al., 2022).

2.4.3.2 Relative revenue
Different crops usually have different monetary values, making it 

valuable to also compare total revenues (Khanal et al., 2021). Here 
we  used the farm-gate selling price of each crop (Table  4) and 
calculated the relative total value (i.e., relative revenue) per unit area 
for the different strip cropping configurations and the sole crop using 
Equation 5:
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where IY is the intercrop fresh weight from the center row m per 
unit sole-crop area of crop i in strip configuration j, SY is the sole crop 
yield of crop i, and P is the price of crop i. Here we assumed that the 
total gross harvest yield can be sold, not taking into account storage 
losses or difference in quality between treatments. Selling price was 
used to apply weight so as to complement the use of LER which has 
been criticized for failing to account for the different magnitude of 
changes in the yield of one crop component of an intercrop and in 
another (Khanal et al., 2021). An increase in relative revenue could 
be  used for various purposes, such as allocating non-productive 
nature-inclusive areas, investing in new technologies, or addressing 
implementation challenges associated with strip cropping, thereby 
facilitating its broader adoption.

2.4.3.3 Breakeven labor cost ratio
An increase in labor is often identified as one of the 

implementation challenges of a strip cropping system (Rosa-Schleich 
et al., 2019; Al-Amin et al., 2024). Hence, a breakeven labor cost ratio 
might be a good proxy to indicate the feasibility of implementing strip 
cropping. The breakeven point indicates where the difference in 

revenues between the strip and the sole cropping breaks even with the 
additional labor cost associated with strip cropping operations 
(Equation 6). From there, by dividing both sides by the sole crop labor 
cost (Equation 7), we  calculated the breakeven labor cost ratio 
(Equation 8). This ratio shows how much of the increased labor cost 
from strip cropping can be offset by the extra revenue generated, 
making the practice economically viable.
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where IH and SH are the total hours spent across field operations 
of crop i in strip configuration j and sole cropping respectively, w is 
the average labor cost per hour, IY is the intercrop fresh weight from 
the center row m per unit sole-crop area of crop i in strip configuration 
j, SY is the sole crop yield of crop i, and P is the price of crop i. For 
calculating labor requirements of sole cropping ( ⋅SHi w ), ERF 
B.V. uses standard reference values of Kwantitatieve Informatie 
Akkerbouw en Vollegrondsgroenteteelt (KWIN) (Van der Voort, 2022). 
KWIN reports for each crop, the total number of hours spent on 
average per field operation (e.g., soil preparation, sowing/planting, 
irrigation, fertilization, harvesting, etc.) and the average labor cost per 
hour (40.53€/hour) in the Netherlands. The total number of hours 
spent across various field operations is shown in Table 4.

2.5 Statistical analyses

For each crop, linear mixed-effect models (LMMs) were developed 
separately to assess the effect of crop neighbors and strip cropping on 
the response variable yield. To assess the effect of crop neighbors, the 
identity of the ‘crop neighbor’ was used as a fixed effect 
(Supplementary Table S2A). To assess the effect of strip cropping, strip 
or sole-crop ‘treatment’ was used as a fixed effect 
(Supplementary Tables S2B–C). The variable ‘year_block’ was 
included as random effect, to account for the combined effect of 
temporal and spatial variability across the 3 years and within the field. 
Model selection was based on the Akaike Information Criterion 
(AIC). Statistical analyses were conducted using one-way analysis of 
variance (ANOVA) and Sidak post-hoc test. We used the Shapiro–
Wilk Normality test on the residuals (Shapiro and Wilk, 1965) and 
visual analysis of the QQ plots using the DHARMa package (Hartig, 
2022) to confirm that the normality assumption was met. All analyses 
were performed using the R program, version 4.0.2 (R Core Team, 
2020), and the lme4 package (Bates et al., 2015).

TABLE 4 Average farm-gate selling price, labor hour, and labor cost data 
per crop as reported by the farm.

Crop Selling price 
(€/kg)

Labor hour 
(hour/ha)

Labor cost 
(€/ha)

Faba bean 0.61 20.0 810

Celeriac 0.22 151.6 6,140

Oat 0.33 17.8 720

Seed onion 2.00 123.5 5,000

Onion 0.60 38.0 1,540

Parsnip 0.50 98.2 3,980

Potato 0.38 44.0 1,780

Seed onion was excluded from the revenue analyses given its unusually high price in 2020. 
The labor hour sums the total number of hours spent across various field operations in a 
growing season. Labor cost is rounded down to nearest multiply of 10.
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Model estimates were then used to calculate the RYcrop neighbor which 
compared the yield of the edge row compared to the center row of the 
strip, and the RYstrip cropping which compared the yield of the strip to the 
sole crop. This resulted in the RY of the referenced system (i.e., either 
the center row of a strip or the sole crop) always equals 1.

3 Results

3.1 Relative yield

3.1.1 Effect of crop neighbors on yield per crop
When analyzed across all crop neighbors 

(Supplementary Figure S3), a significant edge effect was observed for 
potato and celeriac, where higher yield was observed on the edge row 
of potato than the center row, and the other way around for celeriac 
(Supplementary Table S4A). Edge effect by specific crop neighbors was 
observed on faba bean and potato (Figure 2). The RY of the faba bean 
rows adjacent to broccoli and celeriac were significantly higher by 68 
and 73% than the faba bean row next to onion (p < 0.001). Potato 
showed a higher RY by 15 to 38% when neighboring celeriac and 
broccoli compared to potato on the center row or when neighboring 
oat (p < 0.001).

3.1.2 Effect of strip cropping on yield per crop 
and across crops

Strip cropping effect varied with year in both systems for all the 
crops, except celeriac and onion (Supplementary Tables S2, S4B). 
Across the years, a significant effect of strip cropping was observed on 
the RY of faba bean, oat, onion, and parsnip (p < 0.05) (Figure 3). For 
faba bean and parsnip, RY was increased by 32 and 41%, respectively, 
in the strip compared to the sole crop. In contrast, the RY of oat and 
onion were lower by 6 and 10%, respectively, when cultivated in strips. 
When analyzed across all crops, an overall 8% higher relative yield was 
observed in the strip than in the sole crop (p < 0.001).

3.2 Performance of the current and 
alternative configurations

The current and alternative configurations resulted in LER and 
relative revenue higher than 1 (Table 5). LER values ranged from 1.06 to 
1.11, translating to land saving proportions ranging between 5 to 10% by 
strip cropping to produce the same yield as in the sole crop. The current 
experimental design yielded a gross revenue of 12,150 €/ha while the sole 
crop yielded 11,560 €/ha. This means that an extra revenue of 590€/ha 
can be earned by strip cropping (i.e., relative revenue equals 1.05), which 
can accommodate a 24% increase in labor cost (i.e., breakeven labor cost 

FIGURE 2

The relative yield of the six crops, comparing the edge rows that neighbor different crops to the center row. Bar color corresponds to the color of the 
crops presented in the legend and the field map (Figure 1). The RY of the center row which always equals 1 is represented by the first bar on the left 
side of each panel. For onion, the bar for the center row is absent since the average gross harvest yield of the two swaths per strip was used to 
calculate RY (see 2.3). Error bars indicate standard error. Letters indicate significant differences between the crop neighbor effects for each crop 
(p  <  0.05). Sample sizes per crop neighbor are shown at the bottom of each bar.
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ratio equals 1.24). Alternative configuration #2 showed a higher LER and 
an extra revenue of 759€/ha compared to the current design.

4 Discussion

4.1 Summary of findings

This study aimed to evaluate the effects of crop neighbors and 
strip cropping on yield and explore if optimizing the allocation of crop 
neighbors in alternative strip cropping configurations can improve 

yield and revenue performances. Only potato next to broccoli and 
celeriac showed an edge effect when comparing the edge row and the 
center row within a strip. We observed positive strip cropping effect 
in faba bean and parsnip and negative effect in oat and onion when 
comparing center row yield in strip with sole crop reference. 
Examining the overall performance of the strip cropping system 
across crops at the cropping system level revealed an overall positive 
strip cropping effect on yield. Alternative configuration #2 showed a 
higher LER and relative revenue compared to the current experimental 
design and the other alternative configuration.

4.2 Limited effects of crop neighbors

While the literature is sparse when it comes to the performance of 
specific crop combinations, we  found that for oat, our result was 
consistent with Ghaffarzadeh et  al. (1994) who observed 
non-significant but higher yield (p = 0.1) in the edge rows neighboring 
corn and soybean than in the center row. For potato, temporal niche 
differentiation due to the later sowing date of the parsnip, celeriac, and 
broccoli as neighboring crops may explain the trend of higher yield in 
the edge rows (Table 1). In 2022, the significantly higher potato yield 
on the edge row neighboring broccoli might be  explained by the 
application of drip irrigation in the broccoli strip, while no irrigation 
was applied in the potato strip (Table 1).

FIGURE 3

The relative yield of the strip compared to the sole crop for the six crops from 2020 to 2022. Bar color corresponds to the color of the crops presented 
in the field map (Figure 1). The RY of the sole crop which always equals 1 is represented by the dotted line. Error bars indicate the standard error of the 
strip (in black) and the sole crop (in grey). Asterisks indicate significant differences between the cropping systems (p  <  0.05). Sample sizes per crop are 
shown at the bottom of each bar.

TABLE 5 Performance of the current experimental design and the two 
alternative configurations in terms of LER, land saving proportion, 
relative revenue, and breakeven labor cost ratio.

Configurations LER Land 
saving 

(%)

Relative 
revenue

Breakeven 
labor cost 

ratio

Current experimental 

design
1.08 7.7 1.05 1.24

Alternative 

configuration #1
1.06 5.3 1.04 1.17

Alternative 

configuration #2
1.11 10.0 1.07 1.30
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One plausible reason for the limited edge effect is that positive 
effects are compensated by negative effect between the neighboring 
crops due to foliage damage at the strip border due to mechanization 
(Ghaffarzadeh et al., 1994; Seehusen et al., 2014). Only for potato a 
significant difference between yield in the edge row relative to the 
center row was observed despite reasonable sample size and effect size. 
We  speculate that this might be  due to the scale of observations 
(approximately 10 plants per sample) being insufficient to capture the 
variation caused by the different crop neighbors. The variation 
between the individual samples that neighbored the same crop was 
too large and could not be fully accounted for by including the variable 
‘block_year’ and/or ‘transect’ as random effects in the linear mixed-
effect models. The scale of large-scale systems as in this study might 
require sampling and/or analyzing techniques beyond plot scale. For 
instance, collecting yield samples from a larger area along the strip, or 
reducing variation between samples by accounting for spatial patterns 
from for example soil organic matter may allow capturing and 
detecting (potentially) significant effects of crop neighbors.

4.3 Significant effects of strip cropping for 
several crops

The effect of strip cropping compared to the sole crop was positive 
for faba bean and parsnip, and negative for oat and onion. The 
significantly higher faba bean yield in strips was in accordance with 
Luo et al. (2021) who observed around 30% overyielding of faba bean 
next to wheat. The increase in parsnip yield, however, was not aligned 
with the one-year experiment result in South Holland where no 
significant effect was observed (Hondebrink et  al., 2019). The 
significantly lower oat yield in strips also contradicted Głowacka 
(2014) who found an increased grain number and weight per panicle 
due to positive edge effects next to corn and lupin in strips of 3.3 
meters. For onion, the significantly lower yield in strips was consistent 
with several other studies (Broad et al., 2004; Motagally and Metwally, 
2014; Luqman et al., 2020). This might be due to the low competing 
ability of onion against interspecific competition for light and below-
ground resources, especially early in the season (Dunan et al., 1996; 
Ndjadi et al., 2022).

Surprisingly the inner rows in a 6-meter strip performed 
significantly differently than the sole crop reference. This might 
be because the crop neighbor effect on the edge rows of the strip 
seemed to be  limited and the edge rows in our experiment only 
constitute up to one-quarter of the yield per strip. As postulated by 
Wang et al. (2020), the strip width, and thus the proportion of edge 
rows to the inner rows, determines the strength of the resulting 
relative yield: the higher the proportion of edge rows in a strip with a 
narrower width, the stronger the edge effect on the yield will be.

In the inner rows, a positive strip cropping effect might arise due 
to microclimate and/or reduced intraspecific competition from the 
poorly performing plants on the edge rows that suffer from higher 
interspecific competition. This might explain the higher yield observed 
in the center compared to the edge row for celeriac 
(Supplementary Table S4A). Perhaps similar to the mechanism in 
agroforestry or alley cropping systems, the modification of 
microclimate in terms of temperature, water distribution, and air 
movement, reduces heat and evaporative stress on the crops, thereby 
increasing the crop yield (Jose et al., 2004). This was often observed in 

the crop rows further away from the trees, where the potentially 
positive microclimate effect outweighs the crop-tree interspecific 
competition (Borin et al., 2010; Van Vooren et al., 2016).

A positive effect on yield might also arise due to the lower pest 
and disease pressure in strips. The potential for strip cropping to 
increase parasitism rate and reduce crop injury by herbivorous pests 
has been shown in strip-cropped cabbage, although the correlation 
between herbivore abundance and yield was not always consistent 
(Juventia et  al., 2021; Croijmans, 2024; Croijmans et  al., 2024). 
Similarly, lower Phytophthora infestans infection on potato was found 
in 3 m and 6 m wide strips. However, broccoli was excluded from the 
yield analysis and for potato, no difference in relative yield of strip 
compared to the sole crop was observed.

4.4 Significant effects of strip cropping 
across crops

A more pronounced strip cropping effect was observed when 
analysis was done at a higher aggregation level at the cropping system 
level across crops rather than per individual crop. There was an overall 
significantly positive effect, although only four out of six crops showed 
significant difference, two of which were positive and two were 
negative. The overyielding in parsnip, faba bean, and celeriac although 
not significant, apparently outweighed the under-yielding in onion 
and oat. This effect that was observable when the analysis was 
conducted across crops, indicates the value of observation at the 
cropping system level to evaluate the effect of strip cropping systems 
in practical settings and capture their potential.

4.5 Alternative strip cropping 
configurations

The current strip cropping design, which was co-developed by the 
farmers and the researchers, was aimed to systematically test the yield 
effect of crop neighbors, without optimizing their spatial allocation 
ex-ante. Alternative configuration #2 showed higher LER and relative 
revenue than those of the current experimental design and alternative 
configuration #1. Here the temporal effect of crop rotation was 
assumed to be  the same as both the current and alternative 
configurations were based on the same crop rotation.

Exploring alternative crop rotations and subsequently alternative 
spatio-temporal strip cropping configurations using tools such as the 
ROTAT and RotaStrip as proposed in Dogliotti et  al. (2003) and 
Juventia et al. (2022) could improve performance (LER equals 1.2, 
Supplementary Figures S5A,B). In this exploration each of the eight 
crops only neighbors two other crop neighbors (instead of five as in 
the current design, four in alternative configuration #1, or three in 
alternative configuration #2) such that these newly generated 
configurations comprise less of the lower-yielding combinations of 
crop neighbors. However a different crop rotation would be required 
for these newly generated configurations and its effects cannot be fully 
predicted since the temporal effect of the new crop rotation might 
outweigh the spatial configuration effect. As there might be trade-offs 
between temporal effects of rotation and spatial effects of the crop 
neighbor configurations, future studies should take both into account 
when designing strip cropping systems to optimize its performance.
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4.6 Performance of the current and 
alternative strip cropping configurations

The advantage of the current design and alternative configurations 
in terms of LER that was higher than 1 (1.06–1.11) was consistent with 
a simulation study by Van Oort et al. (2020) and a meta-analysis on 
intercropping systems in Europe (Yu et al., 2015). However, our values 
were lower compared to previous studies that reported a strip cropping 
LER of 1.3 in Asia (Yu et al., 2015) and 1.49 globally (Zhu et al., 2023). 
LER advantage was shown to decrease under high nutrient input 
relative to low input (Zhu et al., 2023). This could explain our relatively 
lower LER values as the system studied here can be considered to 
be input-intensive, where nutrient application rates surpassed those 
in other regions globally (Lassaletta et al., 2014 in Silva et al., 2021). 
The 7.7% of land saved could be used to compensate for the area lost 
due to increased area needed for headlands or for semi-natural habitat 
such as flower strips within or around the field (currently taking 
up  3% of the strip cropping fields), so as to increase general 
biodiversity and pest control (Bianchi et al., 2006; Hatt et al., 2017).

The result of economic evaluation in terms of relative revenue, 
where the different magnitude of changes in the yield of the different 
crops were weighted using the farm gate price, was consistent with the 
LER evaluation result. The alternative configurations showed relative 
revenue higher than one, although lower than 1.33, the value from a 
global meta-analysis on intercropping systems (Martin-Guay et al., 
2018). Even in the case of the lowest performing newly generated 
configurations, the increase in revenue of more than 500€/ha was 
higher than the maximum Common Agricultural Policy (CAP) 
additional eco-scheme subsidy in 2023 of 200€/ha that can be received 
through a combination of practices (e.g., strip cropping, flower strips, 
rest crops, alley cropping etc.) (European Commission, 2021a, 2021b; 
RVO, 2022).

The increase in gross revenue could be  used to invest in 
technologies adapted to intercropping systems (Mamine and Farès, 
2020; Ditzler and Driessen, 2022) and to cover potentially up to 25% 
increase in labor cost that may be incurred due to strip cropping. The 
scale of the field and experience of the farmer potentially led to no 
observed increase in labor costs. Other farmers associated strip 
cropping with more working hours due to, for example, more driving 
in/between the fields, more time needed for the strategic planning 
phase, and a higher labor demand for hand weeding when the choice 
of (narrow) strip width does not allow for mechanical/chemical 
weeding. More thorough cost–benefit and labor use efficiency analyses 
would be useful to assess the economic prospects of strip cropping 
implementation (Huang et  al., 2015; Serebrennikov et  al., 2020). 
Future studies should also take into account the potential benefit of 
strip cropping systems in terms of product quality and its associated 
price classes (e.g., higher price for fresh market quality than industry), 
which in turn will further improve the revenue (Juventia et al., 2021) 
to increase its economic feasibility.

4.7 Usefulness of the study and 
recommendation for future studies

The present study responds to the growing need by current and 
aspiring farmers, advisors, and engaged researchers in the strip 
cropping network in the Netherlands by bridging the knowledge 

gap on what constitutes good crop combinations (Isbell et al., 2017; 
Juventia et al., 2022), beyond plot-level scale and across seasons 
(Ditzler et  al., 2021a). We  expanded the focus beyond cereal-
legume intercropping (Stomph et al., 2019) to widen the range of 
crop choices for strip cropping implementation. This is relevant as 
farmers in the Netherlands often opt for the spatially most complex 
‘All crops’ configuration type which involves at least four crops, 
each neighboring two or more neighbors (Juventia et al., 2022). 
While further research and experience is needed to understand 
what constitute optimal crop combinations, the positive effect of 
strip cropping on yield and revenue, even without optimized 
spatial allocation suggests that the positive effect from the overall 
increase in diversity in the strip cropping system may compensate 
for the suboptimal neighbors. This may facilitate farmers to 
experiment with strip cropping systems. Lastly, similar to the 
finding by Ditzler et  al. (2023), our study suggests that 
understanding the potential of crop diversification including strip 
cropping requires an evaluation at the cropping system level across 
crops, in addition to evaluating the effect per individual crop. This 
might be more evident in our study, which involved eight crops 
under strip cropping, than in other intercropping studies consisting 
of only two crops.

5 Conclusion

Currently empirical studies on what constitutes optimal crop 
combinations for yield in (strip) intercropping arrangements are 
limited. We were not able to detect edge effects on yield, with the 
exception for potato. When comparing the yield in strips to those in 
the sole crop, strip cropping yielded higher for faba bean and 
parsnip, and lower for oat and onion. However, when analyzed 
across crops, strip cropping increases both the overall yield and 
revenue. The proportion of land saved and the increased revenue 
gained by strip cropping could be  used to offset the area lost to 
headlands or non-productive semi-natural habitats, invest in 
technologies adapted to strip cropping, and/or cover additional labor 
cost associated with it. This result especially showed the benefits of 
crop diversity beyond individual crop-by-crop comparison. The 
positive but variable strip cropping effects observed in the current 
experimental design and the two alternative configurations suggests 
prioritizing an overall increased crop diversity over optimizing their 
spatial arrangement. The lack of edge effect, along with the current 
inability of explain the mechanisms behind the observed strip 
cropping effects, suggests that the practical management 
considerations might be more important than focusing solely on 
yield optimization in determining crop neighbors. Further 
experience is needed to populate the database on what constitutes 
good crop combinations beyond yield performance and to test the 
effect of various designs in different farm contexts. This would foster 
the wider adoption of strip cropping in the Netherlands and 
Western Europe.
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