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Van Eerd, L. L. 2007. Evaluation of different nitrogen use efficiency indices using field-grown green bell peppers (Capsicum
annuum L.). Can. J. Plant Sci. 87: 565–569. The effects of increasing nitrogen (N) fertilization on N use efficiency (NUE) and
yield of green bell pepper were assessed in five field experiments over 2004 and 2005. These data were used to evaluate and con-
trast conclusions drawn from among 12 different NUE indices. In two different years (i.e., cool/wet vs. warm/dry), marketable
yield response to N application was either positive or no response was observed. Total percent N in the fruit and shoot was lower
in non-fertilized plants compared with plants grown in plots that received 70 or 210 kg N ha–1. There were considerable differ-
ences among locations in soil mineral N, yield, NUE, and plant N uptake and removal. For all eight fertilizer- and soil-based NUE
indices assessed, NUE decreased as N application increased. However, for plant-based NUE indices, there was no difference in
NUE values between N treatments. Thus, the interpretation and applicability of NUE depends on the goals of the research and the
index used. 
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Van Eerd, L. L. 2007. Évaluation de divers indices d’efficacité d’utilisation de l’azote avec le poivron (Capsicum annuum
L.) de plein champ. Can. J. Plant Sci. 87: 565–569. En 2004 et 2005, l’auteur a évalué l’incidence d’une quantité croissante d’en-
grais azoté (N) sur l’efficacité de l’utilisation de l’azote (EUA) et sur le rendement du poivron vert dans le cadre de cinq expéri-
ences effectuées sur le terrain. Les données recueillies ont permis d’évaluer et de comparer les résultats de 12 indices de l’EUA.
Lors de deux années contrastantes (à savoir, fraîche/humide c. chaude/sèche), l’application d’engrais N soit a eu une incidence
positive, soit n’a eu aucune incidence sur le rendement de fruits commercialisables. La proportion totale de N dans le fruit et dans
la pousse était plus faible chez les plants sans amendement que chez ceux cultivés sur des parcelles bonifiées avec 70 ou 210 kg
de N par hectare. La concentration du sol en N minéral, le rendement, l’EUA ainsi que l’absorption et le retrait de N par la plante
varient considérablement d’un lieu à l’autre. Pour les huit indices fondés sur l’engrais ou le sol, l’EUA diminue à mesure qu’aug-
mente la quantité d’engrais N appliquée. Toutefois, quand l’indice repose sur la plante, les différents amendements n’entraînent
aucune variation des valeurs. L’interprétation et l’applicabilité de l’EUA dépendent donc du but de la recherche et de l’indice
employé.

Mots clés: Efficacité de l’utilisation des éléments nutritifs, poivron vert, indice messianique, azote, engrais, légume

With increased costs of N fertilizer and the potential envi-
ronmental damage of excessive N applications, it is becom-
ing increasingly important to improve N use efficiency
(NUE) of crops. Although there are many different defini-
tions and methods for determining NUE and other related
indices, there are four main differences between NUE cal-
culations (Good et al. 2004): (1) inclusion or exclusion of a
zero or low N control, (2) estimates of soil supplied N (i.e.,
mineralization) compared with N fertilizer applied, (3) total
biomass vs. yield biomass and (4) total or yield biomass vs.
total or yield N content. 

Field experiments were conducted to determine the
effects of increasing N fertilization on processing green bell
pepper (Capsicum annuum L.) yield and NUE. There have
been many studies evaluating NUE in various crops
(Craswell and Godwin 1984; Raun and Johnson 1999;

Zebarth et al. 1995; Zvomuya and Rosen 2002), but there is
no standard method for calculating NUE. The objective of
this study was to compare several different NUE indices
using green bell peppers as a model crop. 

MATERIALS AND METHODS
In 2004 and 2005, field experiments on green bell pepper
were conducted at the University of Guelph Ridgetown
Campus and at grower sites in southwestern Ontario for a
total of five sites (Table 1). Pest management, fertilization
for all nutrients other than N, and other field management
were according to typical production practices in Ontario.

Preplant ammonium nitrate was broadcast at 0, 35, 70,
140, and 210 kg N ha–1 in a randomized complete block
design with four replications of three twin rows of peppers
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within 6 m by 8 m plots. The center 6 m of the center twin
row (ca. 26 plants/plot) was harvested four times between
mid-August and early October. At each harvest total and
marketable yields were determined. After the final harvest,
five representative plants per experimental unit were har-
vested at ground level. Representative fruit and shoot sam-
ples were dried at 65–70°C to determine dry-matter content
(%). A composite shoot sample and a weighted composite
fruit sample were ground to determine N content for the fol-
lowing N application doses: 0, 70, and 210 kg N ha–1. These
N doses were selected for NUE analysis because they
encompass the range of doses tested and 70 kg N ha–1 is the
Ontario recommended N rate for peppers. It was assumed
that NUE for the remaining doses tested would be interme-
diary. 

For determination of soil inorganic N concentration
(NO3-N and NH4-N), one composite soil sample from six
cores was obtained from each block prior to transplanting
and each plot at harvest at depths of 0–15, 15–30, 30–60,
60–90 cm in 2004 and 0–30, 30–60, and 60–75 cm in 2005.
For selected treatments, plant and soil N analyses were con-
ducted by A&L Laboratories Inc. (London, ON) and Agri-
Food Laboratories Ltd. (Guelph, ON), respectively, using
the Ontario certified procedures as described by Maynard
and Kalra (1993). 

Nitrogen use efficiency indices were calculated using
dry-matter of plant (i.e., above-ground shoot and fruit; Pw)
and fruit (Yw) in kg ha–1. Nitrogen content in the plant (Pn)
and fruit (Yn), in kg N ha–1, was determined by multiplying
N content by dry-matter content. Soil mineral N content (Sn)
was calculated from fertilizer applied plus soil mineral N
content based on preplant and harvest soil cores to the 75- or
90-cm depth and converted to kg N ha–1 based on bulk den-
sity. Indices were categorized into three types based on
parameters used (Table 2); fertilizer-based NUE indices
with the quantity of fertilizer applied as denominator (Eqs.
1–4), soil-based NUE indices with soil available N as
denominator (Eqs. 5–8), and plant-based NUE indices
where only plant parameters were used (Eqs. 9–12).

Yield data and NUE parameters were subjected to linear
and quadratic regression and NUE data were analyzed using
PROC MIXED model (SAS version 8.2; SAS Institute, Inc.,
Cary NC), with location and replicate as random effects and
N application and year as fixed effects. Mean separation was
determined using Tukey-Kramer multiple comparison pro-
cedure (α = 0.05). 

The most economical rate of N (MERN) values were cal-
culated using the following equation (Rashid and Voroney
2005):

(13)

where F is fertilizer cost at $1.10 kg–1, P is peppers’ selling
price at $295 t–1, and b and c are the linear and quadratic
coefficients from the quadratic N dose–yield response curve
for each site. For NUE calculations at the MERN, parame-
ters were estimated using linear and quadratic regression
equations of individual NUE parameters (i.e., Pw, Yw, Pn,
Yn, and Sn) to N fertilizer applied for the responsive
RC2004 site only; Howard 2004 was not included because
the MERN was significantly beyond the range of N fertiliz-
er tested.

RESULTS AND DISCUSSION
Significant positive quadratic yield responses to fertilizer N
were observed in 2004 (Fig. 1). MERN values were 121 and
>>210 kg N ha–1, depending on site and based on fertilizer
costs of $1.10 kg–1 and peppers sold at $295 t–1. The large
discrepancy in MERN values suggests that any new N rec-
ommendations for peppers grown in Ontario should not be
based on a single N dose. The lack of yield response to N
observed in 2005 (Fig. 1) may be partially explained by the
warm and dry weather conditions (data not shown), where
moisture, rather than N, was the more limiting growth fac-
tor and soil texture, sandy loam vs. loam in 2004 vs. 2005.
Yields from all trials were at or above the average provin-
cial yield (Mailvaganam 2006).

Regardless of yield response to N fertilization, at the final
harvest there was no difference in shoot weight between N
treatments (data not shown). Compared with the non-fertil-
ized control, applied N increased total N content in shoot
and fruit, with a significant linear response observed for
shoot total N (Fig. 2). Pepper plants were luxury consumers
of N because with increased N fertilization there was an
increase in shoot N without a consistent corresponding
increase in plant shoot weight or fruit yield.

There were considerable differences between field loca-
tions in yield, yield response to N (Fig. 1) and NUE. For
example, in 2004 depending on the field, fertilizer N uptake
efficiency (Eq. 1 in Table 2) ranged from 49% to 105%
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Table 1. Selected soil characteristics for each pepper trial location

Sand:silt:clay OM CEC (MEQ Preplant soil

Location Year Cultivar (%) Texture (%) pH 100 g–1) NO3-N (ppm) NH4-N (ppm)

Howard 2004 Red Knight 59:28:13 Sandy loam 6 7.3 23.4 20.8 2.4
RCz 2004 Aristotle 58:27:15 Sandy loam 3.6 7.1 16.8 40.6 3.1
RC-H1 2004 Aristotle 74:16:10 Sandy loam 3 5.4 9.3 20.3 3.0
Harwich 2005 Aristotle 51:33:16 Loam 4.8 7.3 23 13.2y 1.2y

RC 2005 Aristotle 45:47:8 Loam 2 7.8 18 22.1y 2.3y

zUniversity of Guelph Ridgetown Campus.
ySoil cores to 30 cm depth, all other samples to 15 cm depth.
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Fig. 1. Field-grown green bell pepper yield response to ammonium nitrate applied preplant broadcast. Symbols are sample means of four
replicates, with standard error lines. Howard 2004: Y = 62.8 + 0.08N – 0.00007N2 (r = 0.5) and RC 2004: Y = 56.9 + 0.21N – 0.00086N2 (r
= 0.47). 
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Fig. 2. Response of total N content of field-grown green bell pepper fruit and shoot to ammonium nitrate applied preplant broadcast.
Different letters indicate statistical differences between treatment means based on Tukey-Kramer test (P < 0.05). Shoot: y = 2.77 + 0.005x
(r = 0.50). 
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when 70 kg N ha–1 was applied (individual data not shown);
a NUE index value larger than 100% indicates that plant N
uptake was more than N applied. Overall, for all indices
assessed, values in 2005 were no different or consistently
lower than 2004 values, which was likely due to contrasting
weather; warm and dry vs. cool and wet, respectively, which
resulted in a yield response in 2004 only.

For all fertilizer-based NUE indices (Eq. 1–4), there were
differences in NUE between years. In 2005, there was no

difference among N treatments (70–210 kg N ha–1) for all fer-
tilizer-based NUE indices values, but in 2004, increasing N
fertilizer from 70 to 210 kg N ha–1 decreased NUE (Eq. 1–4).
This result was similar to the outcome of other research
(Olsen et al. 1993; Tei et al. 1999) where increasing N fertil-
ization decreased NUE. The same conclusions would result
(i.e., increased N application decreased NUE in 2004, and
NUE was not influenced by N application in 2005) regardless
of which fertilizer-based NUE index was used.

Table 2. Comparison of N use efficiency indices calculated for field-grown green bell peppers

Year

Eqn. NUE term Formulaz N rate 2004 2005 Explanation of indices

Fertilizer-based NUE indices
1 Fertilizer N uptake 70 125a 30z • Increases in plant N derived from 

efficiency MERNy 22 – added fertilizer N compared with 
210 61b 21z non-treated control

2 Apparent fertilizer N 70 85a 4.9z • Proportion of fertilizer N converted to 
recovery MERN 17 – yield N compared with non-treated 

210 2.4b 37y control
3 Fertilizer N use 70 36a 5.6z • Increases in plant biomass per unit 

efficiency MERN 12 – N applied compared with non-treated 
210 14b 2.8z control

4 Agronomic fertilizer 70 2.8a –0.5z • Increased yield per unit N 
efficiency MERN 10 – applied compared with non-treated 

210 1.1b –0.2z control

Soil-based NUE indices
5 N uptake efficiency 0 110a 77b • Relative to available N, how much N is

(NUpE) 70 107a 59bc taken into the plant
MERN 61 –
210 66bc 34d

6 Soil N use efficiency 0 42a 31b • Biomass production relative to available N 
70 39a 22c
MERN 23 –
210 22c 11d

7 Apparent N recovery 0 71a 15c • Quantity of crop N removed from field as yield
70 71a 11c based on available N
MERN 40 –
210 42b 6.3c

8 Soil yield N use 0 29a 21b • Yield potential based on available N
efficiency 70 27a 15c
=NUtE × NUpE MERN 15 –

210 15bc 6.7d

Plant-based NUE indices
9 N utilization 70 23a 33a • Fraction of total plant N 

efficiency MERN 46 – converted to yield compared with 
(NUtE) 210 16a 18a non-treated control

10 N harvest index 0 64a 61a • Partitioning of plant N between 
70 65a 57a fruit and vegetative shoots
MERN 66 –
210 62a 51a

11 Harvest index 0 65a 65a • Partitioning of biomass between fruit and 
70 68a 63a vegetative shoots
MERN 66 –
210 68a 62a

12 Standardized N 0 25bc 23c • Percent of N within the fruit
removal 70 27ab 24c

MERN 26 –
210 28a 24c

zFormula symbols are as follows: plant (P), yield (Y), soil (S), weight (w), nitrogen content (n), fertilizer N treatment (f), and nonfertilized control or lowest
N application (c). Units were kg ha–1 for weight and kg N ha–1 for nitrogen content in fertilizer, plant, and soil. For NUE analysis, soil nitrogen (Sn) consist-
ed of preplant and harvest mineral N content to 75 or 90 cm depth plus fertilizer applied. 
yMost economical rate of N (MERN) was 121 kg N ha–1 for RC2004. 
a–d, z–y Different letters for each index indicate a statistically significant difference (P < 0.05) based on Tukey-Kramer means separation. 
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Likewise, for all four soil-based NUE indices, increasing
N fertilization decreased NUE. There was no difference
between years for soil-based indices except apparent N
recovery (Eq. 7), where 2005 NUE values were lower than
2004. Therefore, regardless of the soil-based index used,
NUE decreased with increasing N fertilization.

When considering plant-based NUE indices (Eqs. 9–12)
there were no differences in NUE index values between N
treatments. For instance, 51–66% of total plant N was in the
fruit (Eq. 10). Similarly, Olsen et al.  observed no differ-
ences in N uptake efficiency (Eq. 9) between years and with
increasing N applications. Thus, the partitioning of plant
biomass and plant N between shoots and fruit varied from
year to year, but was independent of the quantity of N avail-
able from fertilizer and/or soil. This suggests that biomass
and N partitioning is a characteristic of crop and year, rather
than N fertilization. Consequently, the same conclusions
would be generated (i.e., N application did not impact NUE)
if any of the four plant-based indices were used.

For fertilizer- and soil-based indices where there was a
difference in NUE values between N treatments, the NUE
values at the MERN were intermediary, which corresponds
to the intermediary rate of 121 kg N ha–1. For plant-based
indices, MERN NUE values were no different than other N
rates. For all 12 indices tested, NUE decreased as N rates
increased or there was no difference between N treatments
(Table 2). Based on comparison of 12 NUE indices using
green bell pepper as a model, deciding which type of NUE
index to use (i.e., fertilizer- and soil- vs. plant-based NUE
indices) impacts conclusions more than selecting any one of
four individual indices within any one NUE type.

For instance, a grower may be mostly interested in agro-
nomic fertilizer efficiency (Eq. 4) because of fertilizer costs
and yield return. A soil extension specialist developing rec-
ommendations for a nutrient management plan may be most
interested in standardized crop N removal (Eq. 12) in order
to calculate a N budget based on N fertilizer applied and
expected yield. Conversely, one interested in potential envi-
ronmental losses might select the apparent N recovery index
(Eq. 7) because it represents N removed from the field based
on total N available. From an agronomic, economic and
environmental point of view, the author considers fertilizer
N uptake efficiency (Eq. 1) as the most appropriate because
plants in the non-fertilized control provide an estimate of
soil N mineralization; therefore, it is possible to account for
the proportion of N obtained from fertilizer. In addition, Pn
is more relevant than Yn because the partitioning of biomass
and N within the plant is independent of N rate (Eqs. 9–12)
and Pn is immobilized and not immediately susceptible to
environmental losses. Based on the four aforementioned
indices, one would conclude that there was no difference in
NUE between treatments if Eq. 12 was used; if Eqs. 1, 4, or
7 were used, then one would conclude that increasing N fer-
tilization would decrease NUE.

Thus, a conclusion drawn from NUE depends on the
index used. The selection of a NUE index must be based on
the crop, the harvested portion, and the goals of the research
(i.e., soil vs. crop focus). One should be aware that different
conclusions may result if a different index were selected.
Overall, Eq. 1 is the suggested standard NUE index from an
agronomic, economic and environmental perspective. 
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