
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=sagb20

Acta Agriculturae Scandinavica, Section B — Soil & Plant
Science

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/sagb20

A comparison of field assessment methods for
lucerne inoculation experiments

Lin Tang, Julien Morel, Magnus Halling, Linda Öhlund & David Parsons

To cite this article: Lin Tang, Julien Morel, Magnus Halling, Linda Öhlund & David Parsons
(2022) A comparison of field assessment methods for lucerne inoculation experiments,
Acta Agriculturae Scandinavica, Section B — Soil & Plant Science, 72:1, 860-872, DOI:
10.1080/09064710.2022.2111340

To link to this article:  https://doi.org/10.1080/09064710.2022.2111340

© 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 16 Aug 2022.

Submit your article to this journal 

Article views: 726

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=sagb20
https://www.tandfonline.com/loi/sagb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09064710.2022.2111340
https://doi.org/10.1080/09064710.2022.2111340
https://www.tandfonline.com/doi/suppl/10.1080/09064710.2022.2111340
https://www.tandfonline.com/doi/suppl/10.1080/09064710.2022.2111340
https://www.tandfonline.com/action/authorSubmission?journalCode=sagb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=sagb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09064710.2022.2111340
https://www.tandfonline.com/doi/mlt/10.1080/09064710.2022.2111340
http://crossmark.crossref.org/dialog/?doi=10.1080/09064710.2022.2111340&domain=pdf&date_stamp=2022-08-16
http://crossmark.crossref.org/dialog/?doi=10.1080/09064710.2022.2111340&domain=pdf&date_stamp=2022-08-16


RESEARCH ARTICLE

A comparison of field assessment methods for lucerne inoculation experiments
Lin Tanga, Julien Morela, Magnus Hallingb, Linda Öhlundc and David Parsons a

aDepartment of Agricultural Research for Northern Sweden, Swedish University of Agricultural Sciences, Umeå, Sweden; bDepartment of Crop
Production Ecology, Swedish University of Agricultural Sciences, Uppsala, Sweden; cLantmännen Lantbruk, Svalöv, Sweden

ABSTRACT
Effective and practical measurement methods for assessing field inoculation experiments are
needed to identify inoculants that could improve lucerne establishment. In this study,
assessment potential of different existing measurement methods (plant height, Dualex 4
Scientific leaf-clip meter, GreenSeeker handheld crop sensor, drone-acquired orthomosaic
calculation, yield, nutrient analysis and nodule assessment) were compared across 12
inoculation treatments applied to lucerne (Medicago sativa L.) at 3 sites. F-values were used to
compare the potential of different methods to separate inoculation treatments. The handheld
GreenSeeker measuring normalised difference vegetation index (NDVI) showed the greatest
potential for separating inoculation treatments in fields where lucerne had not previously been
cultivated, followed by visible atmospherically resistant index (VARI) and green-red vegetation
index (GRVI) from drone-acquired orthomosaics. These methods are non-destructive, low cost,
require low labour input, fast, and do not require sample preparation, and thus are efficient
measurement methods for disaggregating treatments in field inoculation experiments.
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Introduction

Lucerne (Medicago sativa L.) is a perennial forage legume
that originated from southwestern Asia (Sangra et al.
2019). Due to its high protein concentration and yield,
lucerne has long been recognised as an important
forage crop for ruminant feeding worldwide (Sousa
et al. 2020). Lucerne may provide various ecological
advantages to multi-cropping systems mainly because
of its atmospheric nitrogen (N) fixation (Bell et al.
2017). Lucerne is persistent and drought tolerant due
to its deep root system, which is an important character-
istic in variable and drier climates, and its cold tolerance
also makes it an ideal forage crop for high latitude areas
(Picasso et al. 2019). In Sweden, forage is the most
important crop and dominates agricultural land use
(Trubins 2013). As a feasible alternative to red clover
(the most commonly grown forage legume), lucerne is
increasingly grown in mixed stands with grass.
However, the actual lucerne cultivation area is still far
below its potential, due to establishment issues (af Gei-
jersstam and Frankow-Lindberg 2017).

The benefits of lucerne can only be realised if it is suc-
cessfully established (Li et al. 2019). Lucerne has specific
environmental requirements for growth. It is sensitive to

mildly acid soils, low macro nutrients (particularly P and
Ca), low micro nutrients (particularly B, Mo and Fe, but
also Cu, Mn, Zn, and Co), and poor drainage (Bonilla
and Bolanos 2009; Xu et al. 2016). Seed inoculation
with species-specific Rhizobia (mainly Sinorhizobium
meliloti) to form nodules and result in symbiotic N
fixation, is essential for soils without previous lucerne
history (Berenji et al. 2017). Therefore, evaluations of
different inoculation techniques, and comparisons of
the effectiveness of different measurement methods
for assessing field inoculation experiments are
important.

Field inoculation experiments are ideally evaluated by
nodule assessment, yield determination and nutrient
analysis (Wigley et al. 2018; Jauregui et al., 2019).
However, these measurements are labour intensive,
costly and destructive. Various non-destructive
methods have been used to assess forage yield and
quality (Simili et al. 2019; Zhou et al. 2019). The overall
purpose of our research was to identify inoculation treat-
ments that could lead to improved lucerne establish-
ment. As part of this process, in the first year of a
series of field experiments, we tested a range of
measurement methods to ascertain which would be
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worthwhile data to continue to collect. Therefore, the
objective of this study was to identify effective and prac-
tical methods for comparing treatments in field inocu-
lation experiments.

Materials and methods

Site description and soil characteristics

The experiment was conducted at three sites in southern
Sweden: Svalöv (55°55ʹ20.06ʺN, 13°7ʹ32.24ʺE), Tenhult
(57°44ʹ0.87ʺN, 14°17ʹ10.31ʺE) and Rådde (57°36ʹ31.73ʺN,
13°15ʹ43.35ʺE). At Tenhult and Rådde, lucerne had not
previously been cultivated in the plot location for at
least seven years. Svalöv was a control site, where
lucerne was known to have been grown recently. The
annual average rainfall of Svalöv, Tenhult and Rådde
are 707, 620 and 1026 mm, respectively, while the
monthly average temperatures range from 1.2 to 18.9,
−2.4 to 16.9 and −2.1 to 17.2°C, respectively. The soil
at each site was classified as loamy sand. Before
sowing, the surface layer (0–15 cm) of each soil was
sampled and sent to Eurofins Agro Testing (Kristianstad,
Sweden) for basic physiochemical properties analysis.
Soil pH was measured in a CaCl2 solution. Available P
and K were extracted by Milli-Q water at soil/water
ratios 1:2 and 1:1.5, respectively (Table 1).

Plant material and culture

The lucerne cultivar SW Nexus was selected for this
study. It is the Swedish lucerne variety trial reference cul-
tivar and is commonly used in Sweden.

Experiment design and treatments

The experiment was conducted in a randomised com-
plete block design with three replicates. The sowing
plot sizes were 9.60 × 1.13 m at Svalöv, 15.4 × 1.75 m at
Tenhult and 12.0 × 1.75 m at Rådde. The adjacent plots
were separated by a buffer zone (0.5 m). After field prep-
aration, Yara PK 11–21 (P:K:S = 11:21:1.5) was applied at
400, 250 and 225 kg ha−1 as basal fertiliser at Svalöv,
Tenhult and Rådde on May 2nd, June 24th and June

19th, respectively, according to soil tests and standard
recommendations.

The experimental treatments included one control
(T1) and 11 inoculation treatments (T2–T12). Details of
individual treatments are not presented here, as they
are not the focus of this paper, and require more
seasons of testing before conclusions are made.
Lucerne seeds were sown as a monoculture (without a
cover crop) on June 27th, 25th and 19th, 2019 at
Svalöv, Tenhult and Rådde, respectively, with ten rows
per plot (nine at Svalöv). Inoculants of individual treat-
ment were prepared according to manufacturers’
instructions. Plots were not irrigated, following the
normal practice for forages in Sweden. At Tenhult, com-
mercial herbicides Basagran SG 1.15 L ha−1, Superolja
0.5 L ha−1 and Gratil 75 WG 13 g ha−1 were sprayed on
8 August, 2019. At Svalöv, lucerne was cut on 29
August, 2019 to control weeds. At Rådde, large weeds
were removed by hand when necessary.

Measurements

The measurements reported in this paper were taken in
late September in the establishment year. An autumn
harvest is generally only taken in the establishment
year if there is sufficient biomass. Most measurements
at Tenhult and Rådde were taken shortly before the
harvest, whereas at Svalöv there was no autumn harvest.

Destructive measurements
Yield. Lucerne was harvested to a stubble height of
approximately 8 cm on 25 September and 1 October
2019 at Tenhult and Rådde, respectively. The harvest
areas were 11.0 and 10.4 m2 at Tenhult and Rådde,
respectively. The lucerne at Svalöv was not harvested
in the establishment year, as biomass was lower due
to an earlier cut to remove weeds. Biomass samples
were collected from each plot and dried at 105°C until
a constant weight was reached, to determine the dry
matter content. Additional samples were dried at 65°C
and stored for further nutrient analysis.

Nodule assessment. One row of lucerne per plot was
dug using a straight spade, to remove a section of soil
with 30-cm length, 15-cm width, and 20-cm depth. The
root samples were washed carefully with water to
remove the attached soil. Nodule number, colour and
position were assessed according to the indices pro-
posed by Rice et al. (1977) with some modifications to
make the methods usable on a group of plants, rather
than assessing each plant individually (Table 2). The
nodule assessment score is the sum of these three

Table 1. Basic physicochemical properties of the soils (0–15 cm)
in the experiment.
Properties Svalöv Tenhult Rådde

Soil texture (sand: silt: clay) 75:8:13 84:8:6 79:12:2
Organic matter (%) 3.7 2.4 7.0
pH (CaCl2) 6.3 5.5 5.1
CEC (mmol+ kg−1) 123 42 51
Total N (kg ha−1) 3060 1580 3750
Available P (water extraction, kg ha−1) 3.2 4.1 0.3
Available K (water extraction, kg ha−1) 50 75 65
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indices. After the assessment, the root samples were
dried at 65°C for nutrient analysis.

Nutrient analysis. The samples dried at 65°C (both
shoot and root) were milled to 1-mm particle size, and
the total carbon and nitrogen contents (TC and TN)
were determined using an elemental analyser (TurMac,
LECO, Saint Joseph, USA). The C:N ratio was calculated
by the formula:

C:N ratio = C content (mg kg−1)
N content (mg kg−1)

(1)

Nitrogen nutrition index was calculated as the ratio
between actual N (TN) and critical N concentration (Nc)
in shoot samples. Critical N concentration was calculated
with the parameters of the dilution curve for lucerne
determined by Gastal and Lemaire (1997). To determine
Nc, the equation for total shoot biomass (W) > 1.0 t ha−1

was used.

Nc = 4.8×W−0.33 (2)

Non-destructive measurements
Plant height. A small quadrat (25 × 25 cm) was ran-
domly placed within each plot. The tallest plant was
identified and measured from the ground to the top
point of the stretched leaf. Three measurements were
made in the middle and at both ends of each plot.

Chlorophyll content index (CCI) and nitrogen balance
index (NBI). Three individual healthy plants in the
middle and at both ends of each plot were selected
for CCI and NBI determination using a Dualex 4 Scientific
leaf-clip meter (Dx4, FORCE-A, Orsay, France). The deter-
mination was performed with the adaxial leaf side facing
the light sources to mitigate for leaf heterogeneity.

Normalised difference vegetation index (NDVI). A
GreenSeeker handheld active light crop sensor
(Trimble, Sunnyvale, USA) was used for NDVI measure-
ment. The measurement was taken from the beginning
to the end of each plot at approximately 1 m above
the ground. NDVI is defined as follows:

NDVI = rnir − rred
rnir + rred

(3)

where ρnir and ρred are reflectance of near-infrared and
visible red, respectively.

Visible atmospherically resistant index (VARI), green-
red vegetation index (GRVI) and green leaf index
(GLI). A Phantom 4 FC6310 (DJI, Shenzhen, China)
was used to acquire aerial images of the experiments
at each site. The drone has a sensor size of 12.4 MP,
focal length of 3.6 mm, and field of view of 94
degrees. The drone was flown before harvest, according
to predefined flight plans and using Pix4Dcapture
(Pix4D, Prilly, Switzerland) at 30 metres above ground
with a resultant resolution of 0.79 cm px−1. Flights
were conducted in stable light conditions, within 3 h
of solar noon. There was full canopy closure on all
plots when drones were flown. The images were
stored as JPEG files (Figure 1). Orthomosaics and
derived VARI, GRVI and GLI were computed using
Solvi (Solvi, Gothenburg, Sweden). These particular veg-
etation indices (VIs) were used because of the focus on
using tools included in a commercial software package
that is accessible to non-experts in drone image proces-
sing. Zonal statistics were performed after manual deli-
neation of the plot borders with QGIS 3.14.16 (QGIS
Geographic Information System, QGIS Association,
http://www.qgis.org). A buffer zone of approximately
20 cm around each plot was applied to avoid edge
effects.

VARI, GRVI and GLI are defined as follows:

VARI = bgreen − bred

bgreen + bred − bblue
(4)

GRVI = bgreen − bred

bgreen + bred
(5)

GLI = 2bgreen − bred − bblue

2bgreen + bred + bblue
(6)

where bgreen, bred and bblue are digital bands of green,
red and blue, respectively.

Statistical analysis

Treatment results are means of three replicates. The stat-
istical analyses were conducted separately for each site

Table 2. Nodule characteristics and criteria used in nodulation
assessment.
Characteristics Criteria Score

Number Many nodules clusters (>5) and individual nodules 5
Some nodule clusters (3–5) and individual nodules 4
Few nodule clusters (1–3) and individual nodules 3
Some individual nodules (>10) 2
Few individual nodules (<10) 1
No nodules 0

Colour Dark pink (clearly visible from outside of nodule) 5
Pink (visible from outside) 4
Light pink (not visible from outside) 3
Green to white with slight pink tint 2
White or green 1
No nodules 0

Position Crown and lateral nodulation 3
Generally crown nodulation 2
Only lateral nodulation 1
No nodules 0

862 L. TANG ET AL.
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using Proc Glimmix in SAS (version 9.4, SAS Institute Inc.,
Cray, USA). Differences among treatments were deter-
mined using Tukey’s test at a significance level of P <
0.05. The corresponding F-values were used to
compare the abilities of measurement methods to separ-
ate the treatments at all sites. Graphical visualisation was
generated with OriginPro (version 2020, OriginLab,
Northampton, USA). The means of measurement
methods with each treatment were standardised by vari-
able and subject to principal component analysis (PCA)
carried out using the ‘Principal Component Analysis’
app in OriginPro.

Results

Destructive measurements

Yield
For the establishment year harvest, lucerne dry matter
yield showed significant variation among different treat-
ments (Table 3). At Tenhult, seven treatments had higher
yield than the control (T1) (P < 0.05), but none of the
inoculation treatments were significantly different from
each other. At Rådde, four treatments achieved higher
yield than the control (P < 0.05). Among all treatments,
the two best (T11 and T12) yielded higher than the
worst one (T2) (P < 0.05) (Table 3). As previously men-
tioned, lucerne at Svalöv was not harvested in the estab-
lishment year (2019).

Nodule assessment
Nodule number, colour and position were determined in
the autumn of the establishment year. There were no
significant differences at either Svalöv or Tenhult. At
Rådde, two treatments (T5 and T12) had higher nodule
score than control (P < 0.05), but there were no signifi-
cant differences between any inoculation treatments
(Table 3).

Total nitrogen (TN)
At Tenhult, eight inoculation treatments had greater
shoot TN than the control (P < 0.05), and two inoculation
treatments (T4 and T12) had greater root TN than the
control (P < 0.05), but none of them were significantly
different from each other. At Rådde, five inoculation
treatments had greater shoot TN than the control (P <
0.05), and four inoculation treatments had greater root
TN than the control (P < 0.05), and there were also
some significant variations between different inocu-
lation treatments (Table 3).

C:N ratio
The highest C:N ratio was observed for the control,
regardless of plant part or site. At Tenhult, all treat-
ments had lower shoot C:N ratio than the control (P
< 0.05), and three treatments had a root C:N lower
than the control (P < 0.05). There was no significant
difference among these inoculations and/or micronu-
trient treatments in either plant part (Table 3). At
Rådde, six treatments had a shoot C:N ratio lower
than control (P < 0.05), and five treatments had a
lower C:N ratio than the three highest ones (P <
0.05). One inoculation treatment at Rådde had a
lower root C:N ratio than the two highest inoculation
treatments (P < 0.05) (Table 3).

NNI
At Tenhult, all inoculation treatments had greater NNI
than the control (P < 0.05). At Rådde, greater NNI were
observed in three inoculation treatments, compared
to the control and four inoculation treatments (T3,
T8, T9 and T10) (P < 0.05) (Table 3). Lucerne grown
at Rådde has lower NNI than at Tenhult, which is
attributed to the dilution effect caused by higher
yield.

Figure 1. An aerial view (30-m altitude) of the experiment at Rådde field station in 2019. The orthomosaic was constructed from
numerous images captured with a drone, and processed using tools in Solvi. Different plots appear different shades of green.
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Table 3. Destructive measurement of lucerne in response to different treatments, at three sites in southern Sweden.

Treatments

Yield (kg DM ha−1) NNI TN-Shoot (% DM) TN-Root (% DM) C/N-Shoot C/N-Root Nodule

T R T R T R T R T R T R S T R

T1 1263b 2700c 0.646b 0.461b 2.88b 1.72c 1.43b 1.09d 15.9a 26.8a 33.0a 39.0a 8.00a 9.75a 7.00b

T2 2099a 2760bc 0.979a 0.542ab 3.68a 2.04abc 2.01ab 1.21cd 12.2b 22.8abc 21.4ab 36.2ab 7.67a 9.67a 7.67ab

T3 2153a 2972abc 1.02a 0.472b 3.81a 1.98bc 1.87ab 1.50abcd 11.8b 23.4abc 23.5ab 31.0abc 8.67a 9.33a 8.67ab

T4 1996a 3369ab 0.982a 0.585ab 3.76a 2.28ab 2.25a 1.78abc 11.9b 20.4c 19.6b 23.7bc 7.33a 10.7a 8.33ab

T5 1872ab 3355ab 0.944a 0.631a 3.69a 2.33ab 2.02ab 1.83ab 12.2b 20.2c 21.7ab 23.2bc 8.00a 9.00a 10.3a

T6 2143a 3247abc 0.990a 0.642a 3.70a 2.46a 2.05ab 2.02a 12.2b 19.1c 21.6ab 21.5c 8.33a 10.3a 9.33ab

T7 1978a 2923abc 0.987a 0.552ab 3.79a 2.12abc 2.14ab 1.21cd 12.0b 22.0bc 20.2b 35.7abc 7.67a 9.67a 8.33ab

T8 2102a 3002abc 0.977a 0.453b 3.67a 1.75c 1.72ab 1.20cd 12.3b 26.4ab 26.0ab 35.4abc 6.67a 8.33a 8.33ab

T9 1785ab 2954abc 0.912a 0.464b 3.62ab 1.81c 2.03ab 1.30bcd 12.5b 25.6ab 21.4ab 31.9abc 6.67a 9.75a 8.33ab

T10 1696ab 3042abc 0.900a 0.473b 3.64ab 1.81c 1.85ab 1.18cd 12.4b 25.6ab 23.6ab 36.8ab 8.00a 8.67a 8.53ab

T11 1958ab 3448a 0.976a 0.564ab 3.78a 2.29ab 1.93ab 1.66abcd 11.9b 20.3c 22.4ab 26.5abc 7.00a 10.0a 8.00ab

T12 2367a 3470a 0.992a 0.633a 3.58ab 2.44a 2.18a 1.92ab 12.6b 19.1c 19.9b 22.7bc 8.33a 9.33a 10.0a

Mean 1951 3104 0.942 0.539 3.63 2.09 1.96 1.49 12.5 22.6 22.9 30.3 7.69 8.33 8.57
SEM 138 124 0.0461 0.0283 0.152 0.0868 0.144 0.120 0.635 0.864 2.49 2.78 0.707 0.627 0.650
P-value 0.002 0.001 0.001 <0.001 0.023 <0.001 0.040 <0.001 0.012 <0.001 0.059 <0.001 0.581 0.141 0.012

Note: Numbers are means of 3 replicates.
a–dMeans with different letters within columns indicate significant difference at P < 0.05 according to Tukey’s test.
Abbreviations: S: Svalöv; T: Tenhult; R: Rådde; NNI: nitrogen nutrition index; TN: total nitrogen; C/N: carbon nitrogen ratio; DM: dry matter; Nodule: nodule assessment score; SEM: standard error of the mean.
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Non-destructive measurements

Plant height
The difference in plant height between treatments was
not significant for any site. Lucerne grown at Rådde
was taller than at Svalöv and Tenhult, because both
Svalöv and Tenhult had an earlier cut to help control
weeds (Table 4).

Chlorophyll indices
Significant variation in CCI among treatments was
observed at Tenhult and Rådde but not at Svalöv. At
Tenhult, all but one treatment (T7) obtained greater
CCI than the control (P < 0.05); however, none of the
inoculation treatments was significantly different from
each other. At Rådde, only one treatment (T12) had
greater CCI than the control (P < 0.05), and there were
no significant differences among any inoculation treat-
ments (Table 4).

At Rådde, the highest NBI was observed in the same
treatment with the greatest CCI (T12), which was
higher than control and five other inoculation treat-
ments (P < 0.05). No significant differences among treat-
ments were found at Svalöv or Tenhult (Table 4).

Greenseeker NDVI
There were no significant differences in NDVI among
treatments at Svalöv. At Tenhult, all but two inocu-
lation treatments (T9 and T10) had greater NDVI than
the control (P < 0.05), and none of the 11 inoculation
treatments were significantly different from each
other. At Rådde, NDVI for all inoculation treatments
was greater than the control (P < 0.05), and six inocu-
lation treatments had greater NDVI than others (P <
0.05) (Table 4).

Drone-acquired orthomosaic VIs
Inoculation treatments significantly increased several VIs
in the fields where lucerne had not previously been cul-
tivated. At Tenhult, all but one inoculation treatment
(T9) had greater VARI and GRVI than the control (P <
0.05). At Rådde, the variations among treatments were
more complex. For VARI, seven inoculation treatments
were greater than the control (P < 0.05), while four of
them were greater than other inoculation treatments
(P < 0.05). For GRVI, five inoculation treatments were
greater than the control (P < 0.05), while three of them
were greater than others (P < 0.05). In contrast to other
tested VIs, the variation in GLI among treatments at all
sites was negligible (Table 4).

Comparison of different measurement methods

To compare the potential of separating treatments in
field inoculation experiments, the F-values of all
tested measurements were compared. The F-value indi-
cates whether the expected values of a quantitative
variable within two or more pre-defined treatments
differ from each other. It does not, however, specify
which pairs or groups of treatments are different from
each other. The null hypothesis is that there is no
effect of treatment on the mean value of a measured
quantitative variable. A higher F-value indicates that
the null hypothesis is more likely to be rejected, in
favour of the alternative hypothesis that not all treat-
ment means are the same. Because all sites had the
same treatments and number of replicates, the F-
values can be used to make comparisons between
measurement methods and sites. At Tenhult, significant
differences between treatments were detected in eight
measurement methods i.e. NNI, NDVI, yield, VARI, CCI,
GRVI, shoot C:N ratio, shoot TN and root TN (Figure 2
(B)). At Rådde, in addition, there were significant
results for root C:N ratio, NBI, and nodule assessment
score (Figure 2(C)). In contrast, there were no significant
differences for any measurement among treatments at
Svalöv, and the F-values of all measurements were
lower than for Tenhult, and much lower than for
Rådde (Figure 2(A)).

Principal component analysis (PCA) was used to
further clarify the relationships among tested measure-
ment methods (Figure 3). The first two components
accounted for 91.9% of the total variance. The
cosine of the angle between two eigenvectors esti-
mates the correlation between them, thus variables
that are clustered are positively correlated. As shown
in the biplot, plant height, yield and C:N ratio, which
are associated with biomass, were clustered. GLI was
also clustered with the yield variables, however the
F-values for GLI were very low, and so this result
may not be important. Some variables associated
with greenness (CCI, VARI, TN, NNI and nodule assess-
ment) were clustered. The NDVI and GRVI lay in the
middle between the biomass and the greenness clus-
ters, indicating that they are correlated with both. The
dots in Figure 3 show the spread of the treatments in
relation to the variables. The markers of Rådde treat-
ments are more dispersed, suggesting that there
were more differences between treatments at Rådde
than at Tenhult. Moreover, the markers of Rådde treat-
ments are further along the biomass vectors, whereas
the markers of Tenhult are interspersed with green-
ness vectors, indicating that Rådde lucerne yielded
higher, while the lucerne at Tenhult had higher N
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Table 4. Non-destructive measurement of lucerne in response to different treatments, at three sites in southern Sweden.

Treatments

Plant height (cm) CCI (μg cm−2) NBI NDVI VARI GRVI GLI

S T R S T R S T R S T R S T R S T R S T R

T1 21.3a 27.9a 63.2a 32.2a 19.0b 20.0b 21.0a 13.2a 11.6b 0.830a 0.730b 0.747d 0.309a 0.247b 0.246c 0.215a 0.170b 0.189d 0.272a 0.237a 0.307a

T2 20.3a 34.8a 61.7a 29.4a 36.2a 25.5ab 19.5a 23.0a 15.5b 0.830a 0.800a 0.773c 0.303a 0.320a 0.259bc 0.211a 0.213a 0.196d 0.267a 0.253a 0.303a

T3 21.7a 33.9a 64.7a 33.2a 34.0a 27.3ab 21.4a 22.8a 16.2ab 0.830a 0.813a 0.797b 0.295a 0.324a 0.282b 0.205a 0.214a 0.210bcd 0.263a 0.249a 0.304a

T4 21.0a 34.3a 65.6a 30.9a 34.0a 33.2ab 20.3a 21.2a 23.8ab 0.823a 0.797a 0.830a 0.308a 0.317a 0.317a 0.215a 0.210a 0.229abc 0.272a 0.246a 0.301a

T5 21.0a 31.1a 66.2a 30.2a 31.5a 32.7ab 20.6a 21.6a 20.8ab 0.833a 0.800a 0.827a 0.304a 0.320a 0.324a 0.210a 0.212a 0.233ab 0.265a 0.249a 0.303a

T6 20.3a 31.8a 65.1a 32.5a 33.2a 30.0ab 20.6a 21.8a 21.1ab 0.820a 0.800a 0.833a 0.306a 0.328a 0.329a 0.213a 0.216a 0.237a 0.269a 0.248a 0.306a

T7 19.7a 32.1a 62.6a 31.3a 29.3ab 23.9ab 20.0a 22.4a 15.9b 0.810a 0.793a 0.780a 0.299a 0.327a 0.270bc 0.207a 0.217a 0.204d 0.262a 0.253a 0.308a

T8 20.7a 36.2a 62.4a 31.0a 33.4a 16.3b 22.0a 22.1a 11.4b 0.827a 0.790a 0.773bc 0.306a 0.319a 0.269bc 0.213a 0.213a 0.204d 0.269a 0.252a 0.311a

T9 20.7a 31.7a 64.7a 30.2a 31.7a 23.2ab 18.7a 21.6a 14.9b 0.827a 0.777ab 0.787c 0.307a 0.304ab 0.274bc 0.213a 0.203ab 0.206cd 0.269a 0.247a 0.308a

T10 21.0a 32.0a 63.9a 33.6a 36.2a 23.4ab 20.5a 21.3a 11.2b 0.823a 0.783ab 0.783bc 0.288a 0.308a 0.280b 0.199a 0.207a 0.211bcd 0.255a 0.250a 0.310a

T11 22.3a 29.1a 64.9a 31.1a 32.7a 27.9ab 19.9a 20.0a 16.1ab 0.840a 0.803a 0.820a 0.306a 0.322a 0.323a 0.213a 0.213a 0.235a 0.269a 0.247a 0.310a

T12 23.3a 34.6a 66.0a 32.0a 32.7a 38.7a 22.1a 28.1a 32.5a 0.827a 0.817a 0.837a 0.303a 0.334a 0.348a 0.212a 0.220a 0.249a 0.270a 0.250a 0.309a

Mean 21.1 32.5 64.2 31.5 32.0 26.8 20.5 21.6 17.6 0.827 0.792 0.799 0.303 0.314 0.293 0.210 0.209 0.217 0.267 0.248 0.307
SEM 1.70 1.91 1.07 1.07 2.29 3.44 0.937 3.02 4.06 0.00936 0.0108 0.00431 0.00633 0.0112 0.00648 0.00474 0.00680 0.00473 0.00451 0.00366 0.00336
P-value 0.969 0.163 0.091 0.251 0.003 0.009 0.409 0.348 0.008 0.791 0.002 <0.001 0.535 0.002 <0.001 0.481 0.005 <0.001 0.340 0.291 0.551

Note: Numbers are means of 3 replicates.
a–dMeans with different letters within columns indicate significant difference at P < 0.05 according to Tukey’s test.
Abbreviations: S: Svalöv; T: Tenhult; R: Rådde; CCI: chlorophyll content index using Dualex 4 Scientific leaf-clip meter (Dx4); NBI: nitrogen balance index using Dx4; NDVI: normalised difference vegetation index using GreenSeeker
handheld crop sensor; VARI: visible atmospherically resistant index from drone-acquired orthomosaics; GRVI: green-red vegetation index from drone-acquired orthomosaics; GLI: green leaf index from drone-acquired ortho-
mosaics; SEM: standard error of the mean.
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content, which is consistent with the ANOVA analysis
(Tables 3 and 4). In addition, the PCA shows the sep-
aration of the control treatment for both sites in the
lower left quadrant, reflecting lower biomass and
greenness.

Discussion

Destructive measurement methods

Yield is the most intuitive characteristic to represent the
growth and development of forage crops (Ben-Laouane

Figure 2. F-values of different measurement methods at different locations (A. Svalöv, B. Tenhult, C. Rådde). Abbreviations: CCI: chlor-
ophyll content index using Dualex 4 Scientific leaf-clip meter (Dx4); C/N: carbon nitrogen ratio; GLI: green leaf index from drone-
acquired orthomosaics; GRVI: green-red vegetation index from drone-acquired orthomosaics; Height: plant height; NBI: nitrogen
balance index using Dx4; NDVI: normalised difference vegetation index using GreenSeeker handheld crop sensor; NNI: nitrogen nutri-
tion index; Nodule: nodule assessment score; TN: total nitrogen content; VARI: visible atmospherically resistant index from drone-
acquired orthomosaics. * Indicate significant treatment effect at P < 0.05 according to Tukey’s test.

Figure 3. Biplot for sample means and variables. Sample points are means of three replicates, treatments are represented by numbers
and sites (Tenhult, Rådde) are signified by different colours. Abbreviations: CCI: chlorophyll content index using Dualex 4 Scientific
leaf-clip meter (Dx4); C/N: carbon nitrogen ratio; GLI: green leaf index from drone-acquired orthomosaics; GRVI: green-red vegetation
index from drone-acquired orthomosaics; Height: plant height; NBI: nitrogen balance index using Dx4; NDVI: normalised difference
vegetation index using GreenSeeker handheld crop sensor; NNI: nitrogen nutrition index; Nodule, nodule assessment score; TN:
total nitrogen content; VARI: visible atmospherically resistant index from drone-acquired orthomosaics.
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et al. 2021). For areas in Sweden where lucerne can be
grown, it has the highest production potential among
all forage legumes, and where it is successfully estab-
lished it also persists well (Misar et al. 2015; Berg et al.
2018). In this study, at the sites where lucerne had not
previously been cultivated, inoculated lucerne yielded
higher than the control (T1), which is consistent with lit-
erature (Daur et al. 2018; Jauregui et al., 2019), confi-
rming that Rhizobia inoculation is essential for sites
without lucerne cultivation history. Lucerne at Svalöv
was not harvested in the establishment year, as
biomass was lower due to an earlier cut to remove
weeds, so there are no yield results for Svalöv (Table 3
and Figure 2(A)).

In our present study, treatments were effectively sep-
arated by yield at Tenhult and Rådde. Whole plot yields
are a representative measurement for assessing field
inoculation experiments. However, individual plot
yields can be costly in terms of the equipment needed
(for example, specialized experimental plot forage har-
vesters). Moreover, plants may grow normally until the
soil N is depleted, so comparing inoculation methods
only on yield may give a false impression. Anecdotally,
this is what happened at Rådde. There were no
obvious differences between plots until late in the estab-
lishment year. For this reason, there were no large differ-
ences in yield, and consequently other measurements
had greater F-values (Figure 2). In addition, lucerne
may not be harvested in the establishment year (e.g.
Svalöv in this study), depending on a variety of factors.
As a consequence, additional measurement methods
are preferable for assessing field inoculation
experiments.

Rhizobia are essential for legumes to nodulate,
thereby fixing atmospheric N (Peoples et al. 2012). If
sufficient quantities of the correct Rhizobia are not
present, either on the seed or in the soil, lucerne
growth will be reduced through nitrogen deficiency
(Boivin and Lepetit 2020). Root nodulation is one of
the important indicators to evaluate the success of
inoculation, but it is a method that is destructive,
labour-intensive and time-consuming. It was not feasible
for the researchers to increase the sampling effort, due
to the time needed to collect the samples, wash roots,
and peform the visual assessments. With the sampling
method that was used (digging one area of lucerne
per plot), it was difficult for nodule assessment to rep-
resent the whole plot. It is possible that more intensive
sampling efforts could yield better results, but the cost
would be prohibitive for many research projects, and
the sampling would still represent only a small percen-
tage of the plants in a specific part of the plot. In this
study, a significant effect was observed in the nodulation

score at Rådde but not at Tenhult. Thus, at Tenhult,
nodulation assessment was not able to distinguish
between different treatments, whereas other indirect
indicators were able to distinguish between different
treatments.

Lucerne is a forage with high nutritional value and
favourable composition for ruminant production
(Atumo and Jones 2021). Nitrogen concentration is a
core quality parameter of lucerne (Defez et al. 2019). In
our study, inoculation treatments significantly increased
TN and NNI but decreased C:N ratio in lucerne. Abadi
et al. (2020) obtained similar results when inoculating
lucerne with Rhizobium meliloti and R. leguminosarum,
which was attributed to the enhanced atmospheric N
fixation caused by nodulation (Peoples et al. 2012).
Plant elemental analyses require chemical analysis in a
laboratory or near infra-red spectroscopy (NIRS) analysis,
both of which are expensive. Both methods involve
intensive sample preparation procedures (drying and
grinding). Similar to nodule assessment, TN, C:N ratio
and NNI measurements are also destructive and may
not be representative of the whole plot (particularly
root nutrient measurements). In this study the shoot
TN, C:N ratio and NNI were a good representation of
the whole plot, due to the sample collection method,
whereas the root samples were taken from a small
sample. The significant positive correlations between
shoot TN and NNI (0.990) and the significant negative
correlations between TN and C:N ratio (−0.989 and
−0.986 in shoot and root, respectively) (Table S1)
suggest that although NNI and C:N ratio had slightly
higher F-values (Figure 2), TN analysis can be performed
instead of NNI and C:N ratio, due to increased simplicity
and reduced time and cost. The results also confirm that
shoot TN is more useful than root TN, and likely more
representative of the whole plot. There were no TN,
C:N ratio or NNI results for Svalöv, because lucerne was
not harvested in the establishment year (Table 3 and
Figure 2(A)).

Non-destructive measurement methods

As a proxy for yield, plant height is another parameter
that was measured; however, it was not significantly
different among treatments at any site, regardless of cul-
tivation history. In this study, we used three measure-
ments per plot. It is possible to do more intensive
sampling, however, there is a balance between the
number of subsamples and the time required for data
collection. Height is likely to suffer from the same issue
of yield in that it does not represent differences in
plant colour or quality. Mills et al. (2016) reported an
R2 = 0.52–0.63 when studying the relationship between
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dry matter yield and plant height of lucerne in different
seasons, which indicates a high variability between
lucerne dry matter yield and plant height. Thus, there
are limitations for using plant height as a proxy for
biomass.

In this study, Dx 4 (Cerovic et al. 2012) was used to
determine the CCI and NBI in lucerne at the same leaf
spot. The non-destructively measured leaf CCI is an indi-
cator of N nutrition of crops (Yu et al. 2010; Tremblay
et al. 2012), and NBI is more of an indicator of C/N allo-
cation changes (Cartelat et al. 2005; Liu et al. 2021). Suc-
cessful nodulation enhances lucerne N uptake efficiency
thereby improving the photosynthesis process (Mouradi
et al. 2016). In our study, significantly positive corre-
lations were found between CCI and NBI with shoot
TN, root TN and nodule score (Table S1), suggesting
that the non-destructive leaf-clip meter may be used
as an alternative to destructive and intricate measure-
ments such as chemical analysis and nodule assessment.
In this study, only three individual plants from each plot
were measured to represent the whole plot, and the
method may have yielded better results if the sampling
was more intensive. Nevertheless, there are inherent
limitations of the method. Each reading represents a
single leaf on a single plant, and there can be large varia-
bility between readings. Thus, these two parameters (CCI
and NBI) may be unrepresentative for assessing field
inoculation experiments. NBI did not have a high F-
value at any of the sites. At Tenhult, CCI had quite a
high F-value, whereas at Rådde, there were clearly
more effective measurement methods than CCI.

NDVI is a widely used indicator of plant biomass and
greenness that uses light reflectance in the red (656 nm)
and infrared (774 nm) bands (Rouse et al. 1974). Thehand-
heldGreenSeeker is anactive light sourceNDVImeasuring
device. Active light sensors are less sensitive to changing
light conditions (e.g. solar illumination angle or the
passage of clouds), making them robust tools to
compare vegetation across locations, dates and times.
Owing to its non-destructive, low cost, low labour input,
short data collection time, without sample preparation
or operational experience requirement, it is widely used
in the field to assess different crops (Maselli et al. 2020;
Phyu et al. 2020; Vannoppen and Gobin 2021). Moreover,
in our experiments, the GreenSeeker was used from one
length of the plot to the other, making it representative
of the whole plot. In our study, NDVI was significantly
different among treatments and obtained the highest F-
value at both Tenhult and Rådde (Table 4 and Figure 2).
Furthermore, its position in the biplot confirmed that it
takes into account both biomass and greenness in asses-
sing field inoculation experiments (Figure 3). Therefore,
NDVI appears to be an efficient measurement for

separating inoculation treatments in the fields without
lucerne cultivation history.

There are many different VIs available other than
NDVI – VARI, GRVI and GLI are three easily acquired
and widely used VIs that require visible band data
only. Hence, a drone with a consumer camera is
enough for capturing aerial images and create orthomo-
saics, from which all these VIs can be derived (Eng et al.
2019). Similar to NDVI, drone-acquired orthomosaics are
non-destructive, require low labour input, and do not
need sample preparation. In addition, scanning the
whole plot makes these indices spatially representative.
Orthomosaics can be processed quickly and easily in a
commercially available service such as Solvi, which
could be used by a researcher, a breeder or a field
manager that is not an expert in remote sensing.
However, drone flying and image analysis require
some expertise and experience to operate, and the
results also depend on weather conditions. In addition
to the RGB camera used in this study, it is also possible
to use more expensive multispectral cameras, which
would enable the calculation of NDVI and other VIs
but would also increase the expertise required to
process the images in a consistent way.

In our study, treatments at Tenhult and Rådde were
well separated by VARI and GRVI, indicating that they
are relevant measures for assessing field inoculation
experiments. Due to the addition of blue-band data in
its calculation, VARI may estimate the fraction of veg-
etation with minimal sensitivity to atmospheric effects
(Schneider et al. 2008; Mokarram et al. 2015, 2016).
With high F-values at both sites without previous
lucerne cultivation (Tenhult and Rådde here), VARI was
overall the second-best method for assessing our field
inoculation experiments.

GRVI was designed to maximise its sensitivity to
greenness. Because of this, GRVI is an effective and
simple approach for detecting vegetation phenology
as well as subtle disturbances in grasslands (Motohka
et al. 2010). VARI and GRVI, similar to all visible light-
based VIs, are directly related to the pigment content
of leaves, especially chlorophyll (Vina et al. 2004). This
further explains the significant positive correlations
between these two indices and the CCI in lucerne
leaves. The F-values for GRVI were slightly lower than
for VARI at all sites. In our study, no significant differ-
ences in GLI among treatments were found at any site.
This is probably due to the fact that GLI minimizes the
influence of the blue band. Indeed, this part of the
visible light has been reported to be a proxy for the
assessment of nitrogen canopy content for various
crops (Lebourgeois et al. 2012; Wang et al. 2012, 2014).
In the case of lucerne, the nitrogen canopy content
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strongly depends on the success of nodulation, however
these differences are not detected by GLI.

Conclusions

This study found that GreenSeeker-measured NDVI was
overall the best method for separating inoculation treat-
ments in fields without a history of lucerne cultivation.
The VIs VARI and GRVI calculated from drone-acquired
orthomosaics were also efficient indirect measurement
methods. Measurements like NDVI and GRVI are able
to capture differences between plots that reflect differ-
ences in biomass and colour, and thus may be used to
more precisely separate treatments, particularly when
combined with other measurements like dry matter
yield. These measurement methods have a multitude
of advantages such as being representative, non-
destructive, low-cost, low labour input, rapid, and
without requiring sample preparation. Therefore, these
methods should be considered by researchers undertak-
ing such field experiments, particularly when screening a
large number of treatments.
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