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Sufficiency ranges and crop nutrient removals for peppermint
(Mentha X piperita L.) established from field and pot fertilizer
experiments
Margarida Arrobas , Isabel Q. Ferreira , Sandra Afonso , and M. Ângelo Rodrigues

Mountain Research Centre – Polytechnic Institute of Bragança, Campus de Santa Apolónia, Bragança, Portugal

ABSTRACT
Peppermint is an important aromatic andmedicinal plant used across the world
in pharmaceutical, cosmetic and food industries. However, there is a lack of
agronomic research on this crop which hinders the implementation of best
agricultural practice at farm level. Plant analysis, for instance, cannot be used as
a tool to implement a suitable fertilizer recommendation program, since suffi-
ciency ranges and crop nutrient removals have not yet been established. Thus,
the main objectives of the present work were to assess the response of pepper-
mint to varyingnitrogen (N), phosphorus (P), potassium (K) andboron (B) rates, to
establish sufficiency ranges from macro, micronutrients and SPAD-readings and
to estimate crop nutrient removals in the aboveground biomass. Field trials and
pot experiments were conducted from 2013 to 2015 in a wide range of condi-
tions involving 12 N, P, K or B fertilizer trials and a total of 48 cuts of biomass.
Nitrogen fertilization increased dry matter yield of peppermint on the vast
majority of sampling dates. In contrast, P, K, or B did not produce a significant
effect on dry matter yield in any of the experiments. The sufficiency ranges
set for macronutrients N, P, K, Ca and Mg are respectively 32.0 – 42.0, 1.2 – 4.5,
10.0 – 30.0, 7.0 – 23.0, and 4.0 – 10.0 g kg−1. Those for micronutrients B, copper
(Cu), iron (Fe), zinc (Zn), and manganese (Mn) are respectively 20 – 200, 5 – 25,
100 – 600, 25 – 300, and 30 – 200mg kg−1. Sufficiency range for SPAD-readings is
45 – 50 SPAD units. All these ranges were established for the commercial
harvesting date. The amounts of N, P, K, calcium (Ca), and magnesium (Mg)
removed in aboveground biomass are respectively 22.7, 1.6, 26.4, 16.4 and 4.8 kg
Mg−1 of dry biomass.
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Introduction

Mentha x piperita L., commonly known as peppermint, is a hybrid resulting from a cross between
Mentha spicata L. (spearmint) and Mentha aquatica L. (watermint). Peppermint is a herbaceous
rhizomatous perennial plant, native to Europe and the Middle East which can be found wild with its
parent species, typically in moist habitats (Cunha, Ribeiro, and Roque 2007; Grünwald and Jänicke
2009). As a crop it reproduces only vegetatively by rhizomes or by cuttings prepared from the shoots,
since it is usually sterile, producing no seeds.

Peppermint is an important aromatic and medicinal plant used across the world in pharmaceu-
tical, cosmetic and food industries. Its most abundant and valuable constituent is menthol
(Deschamps et al. 2012). There are a large number of everyday products containing peppermint,
such as toothpastes, mouthwashes, chewing gums, peppermint candies, shampoos, soaps and skin
care products. It is also largely used in confectionery, ice-creams and beverages (Abdou and
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Mohamed 2014; Cunha, Ribeiro, and Roque 2007). In medicine, peppermint has been studied due to
its potential antibacterial properties (Ghayempour and Mortazavi 2014; Sujana et al. 2013), to act as
an antispasmodic agent (Imagawa et al. 2011; Yamamoto et al. 2006), to treat irritable bowel
syndrome (Cash, Epstein, and Shah 2016; Haber and El-Ibiary 2016), to relieve nausea and vomiting
symptoms (Sites et al. 2014) or to improve athletic performance (Meamarbashi and Rajabi 2013).

There is also some agronomic research on this crop reporting the effect of planting date (Piccaglia
et al. 1993; Singh, Singh, and Singh 1998), harvesting time (Rohloff et al. 2005), plant spacing
(Gopichand et al. 2013; Verma et al. 2013) and propagation methods (Ringuelet et al. 2003) on
biomass yield and/or essential oil yield and composition. Some agronomic research has also been
focused on fertilization strategies, probably because of the marked effect on dry matter yield and
plant composition resulting from the use of fertilizers. Studies have been carried out to test forms
and rates of mineral fertilizers (Arango et al. 2012; Alkire and Simon 1996; Deschamps et al. 2012;
Jeliazkova et al. 1999; Piccaglia et al. 1993; Valmorbida and Boaro 2007), organic amendments
(Abdou and Mohamed 2014; Gopichand et al. 2013) or the combination of mineral and organic
materials (Ram et al. 2012; Sheykholeslami et al. 2015). In most studies, however, the agronomic
component is usually quite limited and only supports an analytical part which tends to be the heart
of the study. They are rarely comprehensive studies focused on the agronomic aspects of the crop.

The shortage of agronomic data hinders the implementation of the agricultural practice at farm
level. In spite of the economic importance and worldwide distribution of this crop, as far as we
know, there have not yet been established critical levels or leaf nutrient concentration standards for
this species. Bryson et al. (2014) reported sufficiency ranges for more than 2,000 cultivated species
but they did not include peppermint. This means that plant analysis cannot currently be used as a
diagnostic tool to monitor the nutritional status of the crop. Nor can plant analysis be used as a tool
in fertilizer programs.

The main objectives of the present work are: i) assessing the effect of the application of nitrogen
(N), phosphorus (P), potassium (K) or boron (B) as fertilizers on dry matter yield of peppermint; ii)
establishing threshold values or sufficiency ranges for important macro and micronutrients and also
SPAD-readings, the latter an N nutritional index determined by a portable tool which dispenses with
sending plant samples to the lab; and iii) estimating crop nutrient removals, a necessary component
in the fertilizer recommendation programs since it represents crop needs. Field trials and pot
experiments were conducted from 2013 to 2015 in a wide range of conditions involving 12 N, P,
K or B fertilizer trials. A total of 48 cuts of biomass were made from which dry matter yield and
elemental composition of leaves and stems were determined.

Material and methods

Study site and experimental designs

The study consisted of 12 fertilization experiments carried out in the region of Bragança, NE
Portugal. Four field trials were carried out during two consecutive years, in 2013 and 2014, and
eight pot experiments in 2013 (1), 2014 (3) and 2015 (4).

The region benefits from a Mediterranean climate. The average annual air temperature and
cumulative precipitation for the period 1971–2000 are, respectively, 12.3ºC and 758 mm. Average
monthly temperature and cumulative precipitation recorded during the experimental period are
presented in Figure 1.

The field trial was established in a commercial field of peppermint organically managed. The
farmer prepared the cultivated plot in terraces to reduce the slope and to facilitate cultivation. The
soil where the field trial was carried out is a Leptosol derived from schist. Selected properties of this
soil and other three used in the pot experiments were determined before the trial started. After
drying (40ºC) and sieving (2 mm mesh), soil samples were subjected to determination of: 1) clay, silt
and sand, by the Robinson pipette method; 2) pH (H2O); 3) easily oxidizable organic carbon,
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determined by the Walkley-Black method; 4) extractable P and K, by using ammonium lactate
solution at pH 3.7; 5) cation exchange capacity, determined by ammonium acetate, pH 7.0, and
exchangeable acidity extracted by 1 M potassium chloride (KCl). Methods 1–3, 5 are fully described
in van Reeuwijk (2002) and method 4 in Houba, van der Lee, and Novozamsky (1997). The results of
these analyses are presented in Table 1.

The ground of the commercial field of peppermint was covered by a black plastic anti-weed mat
punched with holes spaced at 40 × 40 cm where the plants grow. The field experiments were
arranged as completely randomized designs with four N (0, 50, 100 and 150 kg ha−1 yr−1), and three
P (P2O5) (0, 50 and 100 kg ha−1 yr−1), K (K2O) (0, 50 and 100 kg ha−1 yr−1), and boron (B; 0, 1, and 2
kg ha−1 yr−1) rates, and three replications. Each individual plot consisted of six rows 2.8 m long. The
plots were fertilized with the nutrients corresponding to the experimental design and with those of a
basal fertilization plan, consisting of 100 kg N, (P2O5) and (K2O) ha

−1 yr−1, and 2 kg B ha−1 yr−1.
Thus, each plot received the nutrient of the experimental design plus the others of the basal
fertilization plan. All the fertilizers used are authorized for organic farming. They were added to
the plants as a nutrient solution split in four applications during the growing season. The commer-
cial fertilizers used to prepare the nutrient solutions were organihum nitro (8% total N), organihum
P (8% P2O5), organihum K (45% K2O), fosfigen (30% P2O5, 20% K2O) and neobor (15% B). After
being prepared, the nutrient solution was poured in the holes of the mat near the plants. The field
was drip-irrigated from May to September.

The pot experiment of 2013 consisted of a completely randomized design with four N rates (0,
0.45, 0.90, and 1.35 g pot−1) and six replications (six pots). The basal fertilization plan of this
experiment consisted of the application of 0.90 g (P2O5) and K2O) pot−1, and of a mixture of
secondary macro and micronutrients applied as a commercial product marketed as oligomag [10%
magnesium oxide (MgO), 0.3% B, 18.5% SO3, 0.3% copper (Cu), 2% iron (Fe), 1% manganese (Mn),
0.02% molybdenum (Mo), 1.6% zinc (Zn)] at a rate of 0.08 g pot−1. The fertilizers used were the
same as reported for the field trial. As in the field experiment, the nutrients were added as a nutrient
solution splitting the fertilization plan into four applications during the growing season. The pots

0

50

100

150

200

250

0

5

10

15

20

25

30

J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D

P
re

ci
pi

ta
ti

on
 (

m
m

)

T
em

pe
ra

tu
re

 (
ºC

)

Precipitation Temperature

2013 2014 2015

Figure 1. Average monthly temperature and cumulative precipitation during the experimental period (2013–2015) recorded in the
weather station of Qta de Sta Apolónia, Bragança.

Table 1. Selected properties of the soil of the field trials (FieldT) and of those used in the pot experiments in 2013 (PotExp 2013),
2014 (PotExp 2014) and 2015 (PotExp 2015). All the soils were sampled in the 0–20 cm layer.

Texture pH Organic C† Extract. P‡ Extract. K‡ CEC±

(USDA) (H2O) (g kg−1) (mg kg−1) (mg kg−1) (cmolc kg
−1)

FieldT Sandy loam 6.8 7.9 22.6 48.5 8.2
PotExp 2013 Sandy loam 6.5 14.5 281.5 132.5 10.7
PotExp 2014 Sandy loam 6.0 8.4 58.0 51.9 15.1
PotExp 2015 Sandy loam 6.3 6.8 41.0 104.0 17.5

†Walkley-Black; ‡Egner-Rhiem; ±Ammonium-acetate, pH 7.
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were filled with 4 kg of dry and sieved (2 mm mesh) soil mixed with 15 g perlite kg−1 dry soil.
Cuttings of 10–15 cm height were transplanted on 21 March. The pots were placed in holes in the
ground lined with PVC pipe to protect the walls of the pots from direct sunlight and to prevent
overheating of the rooting zone. During the growing season the pots were weeded and watered as
needed to allow normal plant growth.

In 2014 three pot experiments were carried out, each consisting of a fertilization trial of N (PEN
2014), P (PEP 2014), or K (PEK 2014). They were arranged as completely randomized designs with
four N (0, 0.8, 1.6 and 2.4 g pot−1), three P (P2O5) (0, 0.8 and 1.6 g pot−1), and K (K2O) (0, 0.8 and
1.6 g pot−1) rates and six replications. The experiment of a given nutrient (N, P and K) received the
other two as a basal fertilization plan, consisting of 1.6 g pot−1 of N, (P2O5) and (K2O). The N, P and
K pots also received 0.08 g of oligomag. The nutrients were supplied as a nutrient solution prepared
with the fertilizers used in the field trial and pot experiment of 2013. The pots were filled with 15 kg
of dry and sieved (2 mm mesh) soil mixed with 15 g perlite kg−1 dry soil. The cuttings were
transplanted on 8 May. The pots were also placed in holes in the ground lined with PVC pipe.
During the growing season the pots were weeded and watered as needed.

In 2015 four pot experiments were conducted, each one as a fertilization trial of N (PEN 2015), P
(PEP 2015), K (PEK 2015), or B (PEB 2015). They consisted of completely randomized designs with
four rates of N, P (P2O5), K (K2O) (0, 1.6, 3.2 and 6.4 g pot−1), and B (0, 32, 64, and 128 mg pot−1)
and three replications. The high rate of nutrients used in this experiment [estimated as 400 kg N,
(P2O5) and (K2O) ha

−1 after taken into account a planting density of 62,500 plants ha−1] was aimed
at pushing leaf nutrient concentration to very high values, to establish the higher limit of the
sufficiency ranges. The nutrients were supplied as a nutrient solution prepared with conventional
fertilizers, such as ammonium nitrate (34.5% N), superphosphate 18% (18% P2O5), potassium
chloride (60% K2O), neobor (15% B) and oligomag. Nutrients not included in the experimental
designs were added as a basal fertilization plan at the rates of 2.4 kg N, (P2O5) and (K2O) pot

−1.
Oligomag was applied in the N, P and K experiments at a rate of 0.08 g pot−1, but not in B
experiment. Cuttings of 10–15 cm height were transplanted on 5 May. All the other procedures were
similar to those reported for the pot experiments already described.

Sample collection and analysis

In the field experiment, plant samples were collected three times per year in 2013 and 2014. The dates of
sampling were 15 July, 8 August, and 7 October 2013 and 16 June, 24 July, and 6 October 2014. In each
cut, six plants from the inner rows of the plots were randomly selected. A subsample of young mature
leaves was used for elemental analysis to serve as the standard tissue for the establishment of the
sufficiency ranges. The remaining sample was separated into leaves and stems and used to estimate dry
matter yield and plant nutrient recovery. The plants were cut ~10 cm from the soil surface shortly
before flowering. All tissue materials were oven dried at 65ºC, weighed and ground. Tissue analysis was
performed by Kjeldahl (N), colorimetry (P and B), flame emission spectrometry (K), and atomic
absorption spectrometry (Ca, Mg, Cu, Fe, Zn, and Mn) methods (Walinga et al. 1989).

Plants of pot experiments of 2013 were cut four times during the growing season, on 7 May, 11
June, 12 August and 4 October. The dates of sampling of the pot experiments of 2014 were 17 July,
20 August, and 23 October. Those of the pot experiments of 2015 were 22 June, 5 August and 27
November. The sampling method, the pre-treatments of tissue samples and laboratory analyses were
the same as reported for the field experiments.

SPAD measurements

Estimates of the relative chlorophyll content of leaves were recorded by using a Minolta SPAD leaf
chlorophyll meter (model 502 plus). The device measures the transmittance of light throughout the
leaf in two different wavelengths, 650 nm (red light, absorbed by chlorophyll pigments) and 940 nm
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(infrared light, not absorbed by chlorophyll), displaying chlorophyll-SPAD readings which are
proportional to the chlorophyll content of the leaf. The readings were taken from the blade of
fully expanded young leaves. The measurement dates were 7 October 2013 and 11 June, 24 July and 6
October 2014 in the field trials, and 22 June, 5 August and 27 October 2015 in the pot experiments.

Data analysis

The effect of the fertilizer treatments on dry matter yield of stems, leaves and total was subjected to
analysis of variance (ANOVA). When significant differences among treatments occurred, the means
were separated by Tukey-Kramer HSD test (α = 0.05).

Critical nutrient concentration is defined as the point in the curve of the relationship between tissue
nutrient concentration and yield below or above which there is, respectively, a high or low probability
of obtaining a positive response by the crop if more nutrient is applied (Rodrigues et al. 2005). Based
on the relationship between tissue nutrient concentration and yield, critical toxic (or excessive) tissue
nutrient concentrations can also be defined. To establish sufficiency ranges, the tissue nutrient
concentrations were divided into three classes: deficient; adequate; and excessive. The boundaries of
the adequate range were set by the threshold values as defined above. In this work, when a positive
crop response to a given nutrient was found, critical nutrient concentrations were determined by the
graphical method of Cate-Nelson (Cate and Nelson 1971), modified by declaring the horizontal line in
a fixed value (Rodrigues 2004). From the relationship between leaf nutrient concentration and relative
yield, the horizontal line was fixed at 90% of relative yield, being the vertical line free to keep the
greatest amount of points in the positive quadrants. The Cate-Nelson technique has widespread use
since it can overcome the difficulty of obtaining a good relationship between tissue nutrient concen-
tration and yield. Relative yields were estimated as the percentage of the maximum yield obtained in
each individual experiment. The procedure allows for the removing of most of the experimental
variability and comparing critical values from a wide range of conditions. For nutrients for which a
response by the crop was not found, or for those not included in the experimental design, the
sufficiency ranges were estimated by removing 10% of extreme higher and lower points of the
scatterplot, which probably represent outliers associated with experimental error.

Crop nutrient removals were estimated from the highly productive plots of each experiment
by multiplying dry matter yield and tissue nutrient concentration after plant samples had been
split into leaves and stems, weighed and analyzed separately. The results were expressed per ton
of dry biomass.

Results

Crop response to fertilization

Peppermint responded to fertilizer N application in most of the experiments (Table 2). Dry matter
yields (leaves, stems and total) significantly increased with N rates on almost all the sampling dates
of the field and pot experiments. The results of 2013 field trial were an exception. In that year,
significant differences in dry matter yield among fertilizer treatments were not found.

Peppermint did not respond to the application of P or K as fertilizers. Significant differences
between fertilizer treatments did not occur in any of the 12 harvests performed in the three
experiments (data not shown) of each nutrients. On the other hand, a negative effect on
peppermint dry matter yield due to high rates of P and K used in PEP 2015 and PEK 2015
was also not recorded.

The application of B as a fertilizer did not increase dry matter yield of peppermint in any of the
experiments. However, the use of excessive rates of B used in PEB 2015 significantly reduced
peppermint dry matter yield (Table 3).
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Critical leaf nutrient concentrations

Critical leaf N concentrations were estimated for all the harvesting dates of all experiments based on
the relationship between leaf N concentration and relative dry matter yield. Data from the harvest of
16 June of the PEN 2014 were used to exemplify the methodology and are presented in Figure 2(a).
Critical leaf N concentration of each individual plot varied between 25 and 38 g kg−1. The average of
those values, 32 g kg−1, is proposed as the lower limit of the sufficiency range for N. The critical
excessive leaf N concentration for each sampling date was estimated by the average of the leaf N
concentrations of the plants fertilized with the higher N rate of the PEN2015. Data from the
sampling date of 5 August 2015 are presented in Figure 2(b) as an example. The higher limit of
the sufficiency range for N was estimated as the average of the critical excessive leaf N concentrations
of all sampling dates. This value is found in 42 g kg−1.

In none of the field and pot experiments significant differences in dry matter yield between P or K
fertilizer treatments were found as mentioned above. Thus, the sufficiency ranges for P and K were
estimated by removing ~10% of the higher and lower values of the plots prepared from the

Table 2. Leaf, stem and total dry matter yield of peppermint as a function of N fertilizer treatment presented as the sum of all
harvests performed during a growing season. Data from the field trials of 2013 (FieldT 2013), and 2014 (FieldT 2014), and pot
experiments of 2013 (PEN 2013), 2014 (PEN 2014) and 2015 (PEN 2015).

FieldT 2013 FieldT 2014 PEN 2013 PEN 2014 PEN 2015

———————————g plant−1 ————————————-

N0‡ 30.8 a† 22.4 b 7.9 c 1.7 c 7.7 d
Leaves N1 30.9 a 26.8 a 9.2 b 2.6 b 17.4 c

N2 37.9 a 27.7 a 9.7 ab 2.8 b 23.8 b
N3 34.7 a 26.4 a 10.3 a 3.5 a 27.7 a
N0 87.6 a 63.8 b 8.5 c 8.0 d 5.1 c

Stems N1 75.7 a 100.1 a 18.2 b 9.6 c 13.0 b
N2 88.4 a 104.7 a 23.7 ab 12.1 b 19.3 a
N3 70.4 a 96.3 a 25.4 a 13.6 a 19.6 a
N0 118.4 a 86.3 b 16.4 c 11.9 d 12.8 c

Total N1 106.6 a 126.9 a 27.4 b 14.3 c 30.4 b
N2 126.3 a 132.4 a 33.4 ab 16.8 b 43.1 a
N3 105.1 a 132.6 a 35.8 a 18.9 a 47.3 a

†Within each column and different plant part (leaves, stems and total), means followed by the same letter are not statistically
different by Fisher HSD test (α = 0.05).

‡N rates: FieldT [0 (N0), 50 (N1), 100 (N2) and 150 (N3) kg ha−1]; PEN 2013 [0 (N0), 0.45 (N1), 0.90 (N2) and 1.35 (N3) g pot−1]; PEN
2014 [0 (N0), 0.8 (N1), 1.6 (N2) and 2.4 (N3) g pot−1]; and PEN 2015 [0 (N0), 1.6 (N1), 3.2 (N2) and 6.4 (N3) g pot−1].

Table 3. Leaf, stem and total dry matter yields of peppermint as a function of B fertilizer treatment presented as the sum of all
harvests performed during each growing season.

FieldT 2013 FieldT 2014 PEB 2015

—————————–g plant−1 —————————-

B0‡ 35.0 a† 29.9 a 23.8 a
Leaves B1 36.3 a 30.7 a 23.3 a

B2 40.2 a 34.6 a 24.5 a
B3 ——- ——- 20.7 b
B0 81.7 a 125.7 a 14.6 a

Stems B1 84.7 a 149.8 a 13.8 a
B2 93.7 a 122.2 a 14.6 a
B3 ——- ——– 12.0 b
B0 116.7 a 155.6 a 38.4 a

Total B1 121.0 a 180.5 a 37.1 a
B2 133.9 a 156.8 a 39.1 a
B3 ——– ——– 32.8 b

†Within each column and different plant part (leaves, stems and total), means followed by the same letter are not statistically
different by Fisher HSD test (α = 0.05).

‡B rates: FieldT [0 (B0), 1 (B1), 2 (B2) and 3 (B3) kg ha−1]; and PEB 2015 [0 (B0), 32 (B1), 64 (B2) and 128 (B3) mg pot−1].
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relationship between leaf P or K concentrations and relative dry matter yields (Figure 3). These 10%
extreme values are probably outliers associated with experimental error. By using this methodology,
the sufficiency ranges set for P and K were, respectively, 1.2 to 4.5 g kg−1 and 10 to 30 g kg−1.

Peppermint also did not respond to B application as a fertilizer. However, a significant reduction
in dry matter yield was found when excessive rates of B were applied (Table 3). Thus, the critical leaf
B concentration was estimated as the average of the leaf B concentrations recorded in the B0
treatments of each experiment. The value found is 20 mg kg−1 and is proposed as the lower limit
of the sufficiency range for B.

In PEB 2015, the higher B fertilizer treatment (B3) reduced dry matter yield of peppermint in
comparison with the control and the other B fertilizer treatments (Table 3). Thus, the results of
PEB 2015 were used to establish the critical excessive leaf B concentrations, by averaging the leaf B
concentrations of the highest B treatment which produced dry matter yields not statistically
different from the B0 control (Figure 4). The procedure was performed for all the three sampling
dates of PEB 2015. Finally, the average of the critical excessive leaf B concentrations of all the
sampling dates of PEB 2015 is proposed as the higher limit of the sufficiency range for B. The value
found is 200 mg B kg−1.

Critical sufficiency ranges for the nutrients not included in the experimental design were
estimated by removing ~10% of the values away from the center of the scatterplots. These values
are probably outliers associated with experimental variability which can introduce error to the
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Figure 2. Critical leaf N concentration (a) for peppermint established from the relationship between leaf N concentration and
relative dry matter (DM) yield (data from the harvest date of 16 June of PEN 2013), and critical excessive leaf N concentration (b)
estimated as the average of leaf samples from the plants fertilized with the higher rates of N (full symbols) (data from the
sampling date of 5 August of the PEN 2015).
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interpretation of the plant analysis results. The remaining interval concentrates the mass of points,
giving a high probability of the leaf concentration of a given nutrient of falling within that interval in
plants of an adequate nutritional status. The sufficiency ranges established for Ca, Mg, Cu, Fe, Zn
and Mn by using this approach are presented in Figure 5.

Critical SPAD readings were estimated from the relationship between SPAD readings and
relative dry matter yield for several sampling dates of the field and pot experiments by using the
Cate-Nelson approach. An example was provided in Figure 6(a) by using the data of 22 June of PEN
2015. The average of the critical SPAD readings of all the sampling dates was set as the lower limit of
the sufficiency range for this N nutritional status index, and the value found was 45. In the PEN
2015, the fertilizer treatment consisting of the highest rate of N (N3) did not produce a significant
increase in dry matter yield in comparison to N2 treatment. The average of SPAD readings of these
heavily fertilized plants were used to set the critical excessive SPAD readings. The results of the
sampling date of 5 August of PEN 2015 are presented in Figure 6(b) as an example of the procedure.
The average of the critical excessive SPAD readings of all the sampling dates is 50, being the value
proposed as the higher limit of the sufficiency range for SPAD readings.

Table 4 summarizes the sufficiency ranges estimated for macronutrients N, P, K, Ca and Mg,
micronutrients B, Cu, Fe, Zn and Mn and SPAD readings.

Nutrient removal in dry biomass

The aboveground biomass of peppermint was divided into leaves and stems, being both plant parts
analyzed for elemental composition. Nutrient removal in the aboveground biomass was estimated
from the most productive plots of each experiment, multiplying the dry biomass of each plant part
by the respective nutrient concentration. The results were expressed per ton of dry biomass and are
presented in Table 5.

Discussion

Nitrogen fertilization increased dry matter yield of peppermint on the vast majority of sampling
dates of the field and pot experiments. Some previous studies on peppermint have also shown a
significant increase in biomass and essential oil yield with applied N (Piccaglia et al. 1993; Ram et al.
2012). In contrast, Deschamps et al. (2012) tested several sources and rates of N on peppermint and
did not find any increase in biomass and essential oil production and any improvement in oil
quality. Nevertheless, N is an important ecological factor influencing crop growth and yield.
Nitrogen does not accumulate in agricultural soils in available forms to plants, usually being applied
every year to crops as fertilizers or manures. Several studies carried out in the region of Bragança
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treatment for which no reduction in dry matter yield occurred in comparison to B0 control (full symbols). Data from the sampling
date of 22 June 2015.
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under similar soil and climate conditions, have shown increased yields as a response of applied N in
a variety of crops, such as potato (Solanum tuberosum L.) (Rodrigues et al. 2005), maize (Zea mays
L.) (Rodrigues et al. 2006), Jerusalem artichoke (Helianthus tuberosus L.) (Rodrigues et al. 2007),
stevia [Stevia rebaudiana (Bertoni)] (Rodrigues et al. 2016), and olive (Olea europaea L.) (Rodrigues
et al. 2011). In the present study, P, K or B did not produce a significant effect in dry matter yield of
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Figure 5. Sufficiency ranges established for Ca, mg, Cu, Fe, Zn and Mn from the relationship between leaf nutrient concentration
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peppermint in any of the experiments. However, a study from Argentina in a pot experiment has
shown an increase in dry matter and essential oil production in response to P fertilization (Arango
et al. 2012). In a study from Brazil, plants fertilized with a nutrient solution presented greater
development of the aboveground biomass when fertilized with 1.5/3.0 mmol L−1 K in comparison
with the non-fertilized control (Valmorbida and Boaro 2007). There are also studies where different
rates of compound NPK fertilizers were used and where a significant increase in dry matter yield was
found with increased rates of the nutrients (Jeliazkova et al. 1999; Sheykholeslami et al. 2015). Boron
was also used in a fertilization trial with peppermint (Zehtab-Salmasi, Heidari, and Alyari 2008). The
nutrient was applied in a mixture with other micronutrients (Zn and Fe) as a foliar spray. The
fertilized plants produced more dry biomass and essential oil than the non-fertilized control. Studies
using organic amendments can also be found in the literature (Gopichand et al. 2013; Pegoraro et al.
2010). In these studies, the use of organic materials increased dry matter yield likely as a result of
nutrient release and improvement of general soil properties.

In spite of the good number of papers dealing with peppermint fertilization that can be found in
the literature, those reporting leaf N concentrations are very few. Hence, previous data does not exist
that can help in establishing the sufficiency ranges for this crop. Alkire and Simon (1996), from an N
fertilization trial, reported leaf N concentrations varying between 24.2 and 39.0 g kg−1. The
sufficiency range proposed in this work is 32.0 to 42.0 g kg−1, which may mean that the plants of
the less fertilized plots of the study of Alkire and Simon (1996) were grown under N deficiency
conditions. This could make sense since the experimental designs usually included non-fertilized
controls. If we try to compare the sufficiency ranges here presented to those reported by Bryson et al.
(2014) for major crops, such as potatoes, maize or olive, the values are of similar magnitude but with
some differences for particular species and nutrients.

Data on nutrient removal in dry biomass is an important component of the fertilizer
recommendation systems since it represents a direct measure of crop needs. Nutrient removal
by a crop is the result of the dry matter yield and its nutrient concentration. Comparing the
values found in the literature on dry matter yield of peppermint, they can vary greatly due to
general growing conditions and experimental designs (Alkire and Simon 1996; Deschamps et al.
2012; Gopichand et al. 2013; Ram et al. 2012; Singh, Singh, and Singh 1998). Thus, to avoid the

Table 4. Sufficiency range established for macronutrients, micronutrients and SPAD-readings.

Macronutrients (g kg−1) Micronutrients (mg kg−1)

Nitrogen 32.0 – 42.0 Boron 20 – 200
Phosphorus 1.2 – 4.5 Copper 5 – 25
Potassium 10.0 – 30.0 Iron 100 – 600
Calcium 7.0 – 23.0 Zinc 25 – 300
Magnesium 4.0 – 10.0 Manganese 30 – 200

SPAD-readings 45 – 50

Table 5. Nutrient removal (average ± standard error) in the aboveground biomass of peppermint. Nutrient removal was estimated
multiplying dry matter (DM) yield in different plant parts by its elemental composition.

Nutrient removal

Leaves Stems Total (leaves+stems)

Nitrogen (kg t−1 DM) 10.3 ± 1.32 12.4 ± 1.38 22.7 ± 2.55
Phosphorus (kg t−1 DM) 0.6 ± 0.14 1.1 ± 0.34 1.6 ± 0.43
Potassium (kg t−1 DM) 8.8 ± 1.62 17.5 ± 2.23 26.4 ± 3.44
Calcium (kg t−1 DM) 7.8 ± 0.82 8.6 ± 0.80 16.4 ± 1.34
Magnesium kg t−1 DM) 2.4 ± 0.23 2.5 ± 0.31 4.8 ± 0.47
Boron (g t−1 DM) 36.6 ± 29.19 22.5 ± 10.99 59.1 ± 37.79
Iron (g t−1 DM) 154.2 ± 64.99 206.7 ± 216.10 360.85 ± 246.39
Copper (g t−1 DM) 4.2 ± 1.03 7.1 ± 2.10 11.3 ± 3.02
Zinc (g t−1 DM) 21.9 ± 7.16 24.7 ± 4.61 46.6 ± 10.23
Manganese (g t−1 DM) 24.0 ± 4.69 29.6 ± 4.08 53.6 ± 7.49
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effect of the different performance of the crop in different regions of the world, we have
presented crop nutrient removals by ton of aboveground dry biomass, which allows the use of
values in any part of the world.

Conclusions

Peppermint showed a strong response to N applied as a fertilizer in the conditions of these
experiments, which should give high importance to N in crop management. In contrast, there was
no significant response to applied P, K or B. Sufficiency ranges for 10 essential nutrients were made
available, which will allow the diagnosis of the nutritional status of peppermint by means of plant
analysis by comparing actual leaf nutrient concentrations with the sufficiency ranges here reported.
Data on crop removal for 10 important macro and micronutrients were also provided, which can
help in establishing the fertilizer recommendation programs for this crop, since crop nutrient
removal provides a direct indication of crop needs.
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