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Introduction

Cultivation of canola occurs under different 
environmental conditions, from temperate to subtropical 
and tropical regions (Zeleke et al., 2011; Rondanini et 
al., 2012). The surrounding environment is the most 
important factor in determining the final crop yield in 
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The objective of the present study was to quantify and evaluate the coefficients of 
interception, absorption, and use of photosynthetically active solar radiation (PAR), 
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fertilization. Two experiments were performed in 2013 and 2014 using a randomized 
block design, with four replicates and five treatments of N: T1-T5 (10, 20, 40, 80, and 
160 kg ha-1, respectively). Plant, PAR, and meteorological variables were measured. 
The lower PAR interception efficiency (εi) occurred in treatment T1. The range of 
light extinction coefficient (k) was of the 0.55 to 1.09. PAR absorption efficiency 
(εa) ranged from 86 to 93%, while the PAR use efficiency (RUE) ranging from 1.2 to 
to 3.7 g m-2 MJ-1. The mean N dose for maximum agronomic efficiency (MAE) for 
YLD was 99.3 kg ha-1. The YLD varied according to N treatments and was influenced 
by RUE, dry matter accumulated until flowering (DMF), dry matter after flowering 
(DMAF) and total dry matter (TDM). Nitrogen fertilization affects the balance of 
PAR and, consequently, the canola yield.

Article history:

Received 15 June 2018 

Accepted 20 December 2018

Index terms: 

Brassica napus

dry matter

leaf area index

photosynthetically active radiation

light extinction coefficient

ARTICLE INFO ABSTRACT

all canola cultivation sites. It is estimated that more than 
85% of grain yield (YLD) of spring canola (Zhang et al., 
2013) and about 70% of YLD of winter canola (Marjanović-
Jeromela et al., 2011) may be affected by environmental 
factors although canola shows considerable plasticity in 
its response to environmental conditions (Marjanović-
Jeromela et al., 2011; Gan et al., 2016). This facilitates 
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field YLD improvement by regulating the requirements of 
canola by modifying environmental resources, as well as 
adopting adequate crop management practices (Sidlauskas 
and Bernotas, 2003). These adjustments are particularly 
important in southern Brazil, where meteorological 
variability is high during growing seasons.

Photosynthetically active radiation (PAR) is the most 
important meteorological/environmental variable used 
to increase plant biomass (Fagan et al., 2013). It acts 
directly on photosynthesis and is indirectly related to YLD 
(Lake and Sadras, 2017). The coefficients of interception 
efficiency (εi) and absorption efficiency (εa), light 
extinction coefficient (k), and PAR use efficiency (RUE) 
are the main indicators used to evaluate the interaction of 
PAR with the plant canopy in agricultural systems (Varlet-
Grancher et al., 1989; Monsi and Saeki, 1953; Fagan et al., 
2013; Manevski et al., 2017). The understanding of these 
relations is fundamental, since the available PAR in the 
canopy may be affected by crop management practices 
(Fagan et al., 2013). 

The intercepted PAR by the spring canola (Brassica 
napus L.) depends on the leaf area index (LAI) (Edwards 
and Hertel, 2011; Nied, 2013; Zhang and Flottmann, 2016), 
development of reproductive structures (Fochesatto et 
al., 2016) and by N topdressing fertilization (Dreccer et 
al., 2000). The RUE is the coefficient that indicates how 
the intercepted/absorbed PAR was used by the crop for 
biomass production. It can vary based on different factors, 
such as environmental stresses, phenological stage, 
genotypes (Lake and Sadras, 2017), water and N availability 
(Wang et al., 2012), cultivated species, crop management 
approach, weather conditions (Manevski et al., 2017), and 
plant density (Morrison and Stewart, 1995), as well as the 
interaction between these factors (Lake and Sadras, 2017). 
Therefore, studies on the importance of RUE to canola 
crop management are of fundamental relevance (Kuai et 
al., 2016).

Canola responds positively to N availability in two 
ways. First, by increasing the nutrient uptake capacity 
through leaf area (LA) alteration. Second, by improving 
the use efficiency related to the photosynthetic rate 
(Lemaire et al., 2008). These situations positively favor 
biomass production until flowering and YLD (Lack et al., 
2011; Ma et al., 2015). For canola, the understanding of 
how these processes occur is crucial, because, as far as 
we know, this species has a relatively low N use efficiency, 
which does not exceed 60% (Bouchet et al., 2016). However, 
increasing rates of N application have a positive effect 
on YLD, namely when the environment is favorable 
to the crop (Ma and Herath, 2016), but also when N is 
applied between the stages of rosette leaf formation and 
the beginning of flowering (Ma et al., 2015), given that N 
absorption is greater during canola main stem elongation 

(Norton, 2016). Contrastingly, inadequate N applications 
can produce deficiencies that compromise nutrient use 
efficiency (Ma and Herath, 2016), with reduction of LAI, 
biomass production and consequently YLD (Lemaire et al., 
2008). For this reason, the definition of the limits of crop 
physiological responses to N is fundamental (Bouchet et 
al., 2016).

In the main regions of cultivation of the world, canola 
YLD is highly variable (i.e., from 1,000 to 4,000 (kg ha-1)); 
(Rondanini et al., 2012). In Brazil, most YLD records vary 
between 1,000 and 2,000 kg ha-1 (Nied, 2013), although 
with YLD indications probably below that lower limit, 
depending on the N amount applied (Kaefer et al., 2014) 
and the inter-annual meteorological conditions (Wang et 
al., 2012; Ma and Herath, 2016). However, the YLD potential 
of this species is actually greater than that currently 
reached in Brazil, as YLDs of 5,000 kg ha-1 have been 
reported in other countries (Gomez and Miralles, 2011; 
Lilley et al., 2015; Gan et al., 2016). The YLD potential is also 
established in the vegetative (Zhang and Flottmann, 2016) 
and in the beginning of the flowering phases (Chongo 
and McVetty, 2000). In these phases, the YLD potential is 
associated with greater plant vigor and growth, and higher 
allocation of biomass to the leaves, which is subsequently 
translocated for silique and grain formation (Robertson et 
al., 2004; Arvin et al., 2004; Zhang and Flottmann, 2016), 
and is also associated with crop growth rate (Zhang and 
Flottmann, 2016). This aspect has been poorly studied in 
environments with high climatic variability and is very 
poorly understood in canola production in southern Brazil.

Considering that many factors related to PAR and N in 
canola cultivation are still not well known, the objective 
of this study was to quantify and evaluate the coefficients 
of interception, absorption and use of solar radiation 
and its effects on yield of spring canola influenced by N 
topdressing fertilization.

Material and Methods

Two experiments were carried out in the experimental 
area of EMBRAPA Wheat (28°11’11”S, 52°19’31”W at 
689 m) during 2013 and 2014. According to the Köppen 
classification, the climate in the region is Cfa (Alvares et 
al., 2013). The soil is classified as Rhodic Hapludox. In the 
summer before canola cultivation, liming was performed 
for pH correction, and the areas were also cultivated with 
soybean (Glycine max L.) in 2013 and with common beans 
in 2014. In 2013, 2 t ha-1 of gypsum were applied before 
sowing of canola to chemically and physically recover the 
soil.

The experimental design consisted of randomized 
blocks with four replicates of plots with 127.5 m2 in 
2013 and 60 m2 in 2014. The treatments consisted of five 
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nitrogen (N) doses applied in topdressing fertilization: T1 
= 10, T2 = 20, T3 = 40, T4 = 80 and T5 = 160 kg ha-1 of N. The 
combination of urea (50%) and ammonium sulfate (50%) 
was utilized. In the T4 and T5 treatments, the N doses were 
divided respectively in two and three applications, being 
the first when plants exhibited 4-5 developed leaves and 
the others every 10 days. 

The sowing of canola hybrid Hyola 61 was performed in 
the 22nd of April 2013, following a conventional cultivation 
system, and on the 29th of April 2014, under a no-tillage 
system. We established 0.34 m between rows and a sowing 
density of ca. 40 plants per m2. Sowing was manually 
performed on rows opened by seed drill. The drill also 
placed fertilizers in the soil before sowing. In the first year, 
10, 25 and 25 kg ha-1 of N, P2O5 and K2O fertilizers were 
applied, and in the second year, 10, 50 and 50 kg ha-1 of N, 
P2O5 and K2O. Control of weeds, pests and diseases of canola 
was conducted when required.

During the crop cycle, data on daily incident global 
solar radiation (SR, in MJ m-2 day-1), maximum (Tx, 
in °C), minimum (Tn, in °C) and mean (T, in °C) air 
temperatures, rainfall (R, in mm), and wind speed (W, in 
m s-1) were collected at the meteorological station near the 
experimental area. Relative air humidity (RH, in %) data 
was obtained from the meteorological station belonging 
to the National Institute of Meteorology (INMET) in Passo 
Fundo, RS, 10 km away from the experimental area. The 
data were grouped by ten-day periods and compared with 
the historic series from 1980 to 2010 (30 years).

After the sowing, the phenology was evaluated three 
times per week, according to Iriarte and Valetti (2008). The 
following stages were identified when 50% of the plants in 
the plot exhibited characteristics of that stage on the main 
stems: emergence (E), rosette leaf formation (R), beginning 
of flowering (BF), end of flowering (EF), and physiological 
maturation (M). Two sequential plants were collected per 
plot every 15 days. The leaves were removed and stored in 
paper bags in order to determine the leaf dry matter (LDM) 
to estimate the LAI, based on the relationship between LDM 
and leaf area (LA) (Deligios et al., 2013). At the vegetative 
phase, after R and before BF stages, leaf samples were 
randomly collected in all treatments in both years and 
stored in paper bags for the estimation of LDM and linear 
models of LA for 2013 (equation 1) and 2014 (equation 2):

        
LA2013 = 36.72247 + 151.8746 * LDM    (1)

        
LA2014 = 15.41303 + 155.0487 * LDM    (2)

With estimated LA at each collection time, LAI was 
calculated as the ratio of LA and the area of the two 
collected sequential plants (S), with the equation 3:

        

LAI = LA/S     (3)

where LA and S are given respectively in m² of leaf and m² 
of soil.

The two-week samplings of LAI were fitted into a 
nonlinear sigmoidal model (Singer et al., 2011; Petter et al., 
2016) to describe the evolution of the daily LAI (LAId) from 
stage E to BF, and as a function of the thermal time (TT, in 
°C day-1), with the equation 4:

        
LAId = a/ (1 + exp(-(TT - Xo)/b))    (4)

where a is the maximum asymptotic value of the LAId, Xo 
is the inflection point when 50% of the expected response 
occurs, and b is the slope of the variable response. During 
LA decrease, i.e., after BF and until the end of the crop 
cycle, a linear model was fitted to obtain the LAId with the 
equation 5:

        
LAId = a + b * TT     (5)

where a is the linear and b the angular coefficients. The TT 
was calculated by combining Tx, Tn, and lower (Tb) and 
upper (TB) base temperatures (Ometto, 1981) for canola. 
The Tb and TB used were respectively of 5 °C and 30 °C 
(Dalmago et al., 2009).

Dry matter accumulated until canola flowering (DMF, 
in g m-2) was determined in the two sequential plants per 
plot that were collected and stored in paper bags. At the 
M stage, the height of three plants (PH) was determined 
in each plot using a ruler. Subsequently, an area of 1.02 m2 
in 2013 and another of 6.0 m2 in 2014 were collected per 
plot and stored in cotton bags for YLD determination. All 
packed samples were placed in a drying oven with forced 
air circulation at approximately 70 °C until reaching 
constant weight. Afterwards, the samples were weighed 
to quantify the total dry matter (TDM, in g m-2). The dry 
matter after flowering (DMAF, in g m-2) was calculated by 
the difference between TDM and DMF.

For YLD determination, the samples were placed in a 
stationary thresher to separate the grains with sieves. 
Then, grains were packed in paper bags and placed again in 
the drying oven until reaching constant weight to obtain 
the grain dry matter (GDM). The GDM was corrected to 8% 
moisture for YLD estimation with the equation 6:

        
YLD = GDM / A     (6)

where, GDM is given in kg and A is the area in hectares. 
The crop harvest index (HI) was estimated using DMAF 

and the GDM (equation 7):
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HI = (DMAF / GDM) * 100    (7)

For PAR determination, we used sensors built with 
five parallel amorphous silicon cells (Chartier et al., 1989) 
and calibrated with a SQ-110 sensor (Apogee Instruments, 
Logan, UT, USA). The PAR transmitted by the canopy 
(PARtr) was measured with four sensors (Singer et al., 
2011) per treatment, which were leveled at 5 cm from 
the ground, transverse to the cultivation row, and fixed 
to wooden sticks. Three sensors were installed facing the 
canopy at about 1 m above the canopy to measure the 
PAR reflected by the soil-crop set (PARrf). To measure the 
incident PAR (PARin) in 2013, we used the mean estimation 
from two sensors installed at 1.5 m above the canopy. For 
2014, the SQ-110 sensor was used. PAR measurements 
began at 67 days after emergence (DAE) in 2013, and at 47 
DAE in 2014. 

The sensors were connected to the channel multiplexer 
AM16/32B (Campbell Scientific, São Paulo, SP, BR), 
connected to a CR1000 datalogger (Campbell Scientific, 
São Paulo, SP, BR). Readings were taken every 30 seconds 
and means were stored every 15 minutes. The PAR data 
were recorded in µmol m-2 s-1 and transformed to MJ m-2 
day-1, according to equation 8 proposed by Thimijan and 
Heins (1983):

PARMJ=∑daily (PARµmol * t/(4.596 * 1,000,000))    (8)

where t is the time in seconds between the two consecutive 
samplings, 4.596 is the conversion factor of µmol to J and 
1,000,000 is the conversion factor of J to MJ.

With the PAR data, the intercepted PAR (PARit) and the 
absorbed PAR (PARab) were calculated respectively with 
equations 9 and 10:

        
PARit = PARin - PARtr    (9)

        
PARab = PARin - PARtr - PARrf    (10)

The intercept efficiency of PARit by canola (εi) was 
calculated with the equation 11:

        
εi = PARit/PARin     (11)

With the daily values of εi and LAId up to the BF stage 
(ca. max LAI), the canopy k coefficient was estimated by 
adjusting the angular coefficient “b” in the linearization 
of the Monsi and Saeki (1953) equation, which was adapted 
from the Law of Beer (Fagan et al., 2013) with the equation 
12:

        
ln (1-εi  ) = -k * LAId    (12)

where k equals to the modulus of k and ln is the natural 
logarithm. With k estimated for each replicate and/or 
treatment, PARitest was estimated for the periods in which 
there was no reading at the beginning of the crop cycle, 
and on the days that there was no data recording due to 
system failures. For this, the equation 13, adapted from the 
Law of Beer was used:

       
PARitest = PARin e -k*LAId    (13)

where e is the basis of the natural logarithm. From the 
PARitest, εi was calculated for the missing periods and/or 
days with equation 11, to compose the data series of the εi 
of the crop cycle.

The data of εi were presented as a function of 
accumulated TT for the main canola developmental stages 
and as a function of LAId. In the second case, the εi data 
after crop establishment (≈20 DAE) until the BF stage (ca. 
max LAI) were fitted to a Rise to Maximum exponential 
function (Nied, 2013), in which coefficients have biological 
significance and the LAId is the independent variable, 
according to the equation 14:

        
εi  = a (1 - e -b*LAId )     (14)

where a is the maximum εi, e is the basis of the natural 
logarithm and b is the increasing rate of εi by the variation 
of one unit of the LAId. In turn, the absorption efficiency of 
PAR (εa) was obtained by adjusting the angular coefficient 
“b” between PARit and PARab.

The RUE of the PARab was calculated as the ratio of TDM 
and the accumulated PARab between the stages E and M. 
The PARab data before the beginning of the measurements 
and on the days with missing data were estimated with the 
equation 15:

       
PARabest =  PARitest  * εa    (15)

where PARabest is the estimated PARab. For the days with 
PAR measurement, the data calculated by equation 10 were 
used.

The dose of maximum agronomic efficiency (MAE) (Ma 
et al., 2015) by N was calculated with equation 16:

        
MAE = -b / 2a     (16)

where a and b are coefficients of the quadratic equation 
fitted to the data. Moreover, the maximum value of the 
Y-axis (YMAE) was calculated with the equation 17 (Ma et 
al., 2015):

        
YMAE = (-b2 / 4a) + c     (17)
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where a, b and c are the coefficients of the quadratic 
equations adjusted to the data. The R software was used 
for statistical analyses.

Results and Discussion

During the two experimental years there were 
differences in meteorological conditions. The accumulated 
incident global solar radiation (SR) was similar 
(approximately 165 MJ m-2) to the normal climate of the 
region (181 MJ m-2). However, finer differences were 
observed in the 10-day periods, and the SR was lower in 
2014 than in 2013, especially during the period of canola 
growth. There were larger differences between years for 
T, Tn, and Tx. In 2014, the variations were less dramatic 
and closer to the climate normal than in 2013. The T was 
14.0 °C in 2013 and 15.1 °C in 2014, with lower values 
in 2013 concentrated from the end of the vegetative 
growth until the end of the crop cycle. A similar pattern 
was observed for Tn and Tx. In 2014, the Tn was greater 
than the climate normal over nearly the entire crop cycle 
(Figure 1). Thermal differences were also observed in the 
number of days wherein T was lower than 15 °C (94 days 

in 2013 but 72 days in 2014). The greatest number of cold 
days in 2013 was related to the highest frost occurrence, 
with 11 records during the crop cycle, but only 8 in 2014 
(data not shown). Regarding water indicators, rainfall was 
approximately 35% (2013) and 45% (2014) above normal, 
especially during vegetative growth and flowering in 2013 
and during rosette leaf formation and vegetative growth 
in 2014 (Figure 1).

In the canola cycle, the εi of PAR presented a similar 
response in the two years, with increasing values from 
the beginning of the cycle until the BF stage, following a 
sigmoidal trend of biological growth (Singer et al., 2011; 
Petter et al., 2016). After BF stage, the εi remained constant 
during flowering, but showed a decline during grain filling 
(Figure 2), especially at the end of that period due to 
silique maturation. Until rosette leaf formation and during 
the vegetative growth phase, εi was respectively of 4 and 
77% in 2013, with lower means than in 2014 (26 and 77% 
for the same phases, respectively). During flowering and 
at the end of grain filling, εi was greater in 2013 (98 and 
93%, respectively) than in 2014 (87 and 78%, respectively). 
The difference in εi until rosette leaf formation and during 
the vegetative growth phase between years was observed, 
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owing to the lower T, Tn, and Tx in 2013 (Figure 1). This 
probably promoted lower plant growth rates in relation to 
2014, in which T was higher (Tian et al., 2017). This may 
be explained by the greater number of days with T lower 
than 15 °C in 2013 (94 days compared to 72 days in 2014), 
which may have been favorable for canola acclimation 
and biomass production at low air temperatures (Rife and 
Zeinali, 2003). The inversion observed in εi during flowering 
can be partially attributed to the PAR interception by 
flowers and/or siliques. According to Fochesatto et al. 
(2016), flowers and siliques are responsible for more than 
70% of PAR interception during flowering.

Among the N treatments, variability of εi was greater 
in 2014 than in 2013, according to the higher standard 
error of the a and b coefficients (Table 1). In 2014, εi 
did not responded to N treatments as expected, given 
that lower values were estimated for greater N doses, 
whereas higher values were estimated for treatments 
with less N. In both years, the lowest εi was observed in 
the T1 treatment (Figure 2), because of the lower LAI in 
T1 (Figure 3A-B). Especially in 2013, the lower amount of 
N applied in T1 resulted in lower LAI. Meanwhile εi did 
not follow an expected trend for all treatments in 2014, 
probably due to the inconsistency of LAI estimates based 
on LDM. This inconsistency can be attributed to failures in 
PAR measurements in T1 during 2014. Canola responds to 
the N increase raising the rate of physiological processes, 
such as photosynthesis, but also morphological processes, 
such as LA growth (Lemaire et al., 2008) and maintenance 
of larger leaf numbers for longer periods (Dreccer et al. 

2000). Furthermore, these processes are closely related 
(Manevski et al., 2017), therefore being responsible for the 
increase in εi of PAR and grain production potential.

The maximum εi occurred close to canola flowering 
(Figure 2), when the maximum LAI was observed (Figure 
3A-B), with εi close to one in all treatments and years, 
except for T5 in 2014 (εi = 0.87). In 2013, the maximum εi was 
significantly greater in extreme treatments (T1 and T5), 
whereas in 2014, the maximum εi was greater in T1 and T4 
(Table 1). This finding is reinforced by the results presented 
by Dreccer et al. (2000), who obtained a maximum εi of 86% 
for same N dose used in T5. However, in 2013, about 90% 
of the PAR was intercepted when the LAI was close to 4, 
as reported by Edwards and Hertel (2011), that is, before 
the maximum LAI close to flowering (ca. 600 degrees day 
accumulated) (Figures 2, 3A-B). Nevertheless, the same εi 
value was reached with LAI between 2 and 3 (Nied, 2013; 
Zhang and Flottmann, 2016), close to flowering in 2014. 
This indicates that the maximum εi were affected by other 
factors other than LA increase and longer duration, as a 
function of N treatments (Dreccer et al., 2000).

The k coefficient was different among treatments and 
between years, with minimum values of 0.55 and 0.59 
and maximum values of 0.78 and 1.09, respectively for 
2013 and 2014 (Table 2). These results are consistent and 
highly significant (P <0.001), with high r² for the linear 
regressions derived from Monsi and Saeki (1953) used to 
obtain k (equation 13), and general standard errors lower 
than 4% (Table 2). Treatment T1 presented the lowest 
k and did not differ between years. For treatment T2, k 

Table 1. Parameters (a and b) of the Rise to Maximum exponential function type for the photosynthetically active solar radiation inter-
ception efficiency (εi) of canola as a function of the leaf area index in years 2013 (top) and 2014 (bottom), after topdressing N fertilization 
treatments (T1-T5:10, 20, 40, 80 and 160 kg ha-1). Associated standard errors (SE) and minimum and maximum 95% confidence intervals 
(CI) are also shown.

1Maximum εi estimated by the model.

N treatment
Parameters/Statistics

a b
CI (95%) CI (95%)

(kg ha-1) value1 SE min. max. value SE min. max.
Year 2013

10 0.991 0.00218 0.987 0.996 0.543 0.00348 0.536 0.550

20 0.981 0.00163 0.785 0.991 0.766 0.00920 0.755 0.776

40 0.980 0.00125 0.977 0.982 0.791 0.00413 0.783 0.800

80 0.978 0.00137 0.976 0.981 0.688 0.00405 0.680 0.696

160 0.995 0.00211 0.991 0.999 0.656 0.00503 0.646 0.666

Year 2014
10 1.123 0.03720 1.048 1.197 0.461 0.02540 0.410 0.511

20 0.997 0.01090 0.976 1.019 0.924 0.02240 0.879 0.968

40 0.972 0.00624 0.959 0.984 0.811 0.01310 0.785 0.837

80 1.042 0.01580 1.011 1.074 0.915 0.03370 0.848 0.982

160 0.876 0.00714 0.861 0.890 1.111 0.02740 1.057 1.166
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was maintained within the range reported by Dreccer et 
al. (2000); treatments with lower N doses exhibited lower 
k values (Table 2). There was no significant difference 
between treatments T4 and T5. An inverse response was 
observed between years, however, with lower k in 2013 and 
higher k in 2014 compared to T2 and T3. 

In this study, differences in maximum εi and k may 
be attributed to random changes in plant architecture 
between the two years (Arendonk et al., 1997). This 
hypothesis is supported by the distinct heights of canola 
plants observed at the end of the crop cycle (Figure 
3C), which were on average lower in 2014 than in 2013. 
Therefore, the canopy may have been more compact in 
2014, probably concentrating most LAI in the plant’s upper 
layer. Contrastingly, in 2013 the LAI was better distributed, 
allowing greater light penetration in the canopy (Figure 
3A-B). According to Arendonk, et al. (1997), the change 

in plant architecture is related to changes in morphology 
and leaf positioning traits, which are affected by air 
temperature. The higher T (Figure 1) and the lower number 
of days with air temperature favoring acclimation induced 
the development of smaller and thinner leaves, producing 
smaller plants (Stefanowska et al., 1999; Slauenwhite and 
Qaderi, 2013) in 2014 than in 2013. This may have enabled 
the development of a more planophile leaf arrangement 
(Arendonk, et al., 1997), and thus lower PAR transmission 
to the interior of the canopy, affecting the maximum 
εi and k coefficient in 2014. In addition to differences 
in plant architecture and changes in leaf morphology 
between the years, differences in PAR reflected by canola 
were also observed (Figure 3D). In 2014, the PAR reflected 
was greater than in 2013, which corroborates with the 
plant architecture change. Therefore, this supports 
the hypothesis that greater reflection means less PAR 

Figure 2. Photosynthetically active solar radiation interception efficiency (εi) as a function of thermal time sum (TT) in °C 
throughout the canola crop cycle after the topdressing N fertilization treatments T1-T5 (10, 20, 40, 80 and 160 kg ha-1, respectively 
shown in different lines) for the year 2013 (left) and 2014 (right), in Passo Fundo, RS, Brazil. The particular canola cultivation 
stages are written above in each panel.

N treatment k SE p < t-test CI (95%) r²
(kg ha-1) Year 2013
10 0.55 0.01197 <0.0001 0.521 – 0.571 0.99

20 0.76 0.02234 <0.0001 0.719 – 0.809 0.97

40 0.78 0.03089 <0.0001 0.720 – 0.845 0.94

80 0.64 0.01723 <0.0001 0.602 – 0.671 0.96

160 0.71 0.02616 <0.0001 0.658 – 0.764 0.95

Yearly mean 0.70 0.01173 <0.0001 0.673 – 0.719 0.95

Year 2014
10 0.59 0.01869 <0.0001 0.549 – 0.623 0.91

20 1.04 0.02045 <0.0001 1.003 – 1.085 0.98

40 0.80 0.01937 <0.0001 0.757 – 0.834 0.96

80 1.09 0.03554 <0.0001 1.025 – 1.166 0.90

160 1.04 0.02316 <0.0001 0.992 – 1.085 0.98

Yearly mean 0.89 0.01547 <0.0001 0.863 – 0.924 0.90

Table 2. Light extinction coefficients (k), standard errors (SE), Student’s t-test of the model, 95% confidence intervals (CI), and coef-
ficient of determination (r²) for the interior of canola canopy in years 2013 (top) and 2014 (bottom) after topdressing N fertilization 
treatments (on the left) conducted in Passo Fundo, RS, Brazil. Yearly means are shown under each treatment for each year.
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penetration in the canopy, and lower PAR interception (εi 
maximum) and k.

The εa was close between treatments and years, ranging 
from 0.86 to 0.93 (Figure 4A, C). In each year, there were 
differences between the N treatments. The greatest εa was 
found for T3 during 2013, but for T1, T2 and T3 during 2014 
(Figure 4B, D). The mean εa of canola (between 86 and 93% 
of PARit) was slightly below the 95% limit recommended 
for most agricultural crops (Varlet-Grancher et al, 1989). 
However, εa mean is still within the range suggested by 
Yates and Steven (1987) and Nied (2013) for the crop: 
88 to 91%. The differences in the geometric and optical 
properties of the canopy (Varlet-Grancher et al, 1989) 
influenced by the N treatments and the inter-annual 
variability of the meteorological conditions (Figure 1) may 
also explain εa. These canopy properties are represented 
by mean differences in plant height and PAR reflection (ca. 
9% in 2013 and 11% in 2014) (Figure 3C-D). 

Regarding RUE, a significant response was observed 
for the N doses (P <0.05) with quadratic polynomial in 
the two years. There was a better fit in 2014 compared to 
2013, as indicated by higher r² scores (Figure 5A). In 2013, 
RUE had greater variation between treatments from ca. 
2.6 (treatment T1) until ca. 3.7 g m-2 MJ-1 (treatment T5). 
In 2014, maximum RUE was 1.2 g m-2 MJ-1 (Figure 5A). 
There was a significant difference for RUE between years, 
according to the confidence intervals of the coefficients 

of the equations. However, the maximum CI for the b 
coefficient in 2014 was not different from the minimum 
CI of b coefficient in 2013 (Table 3). The result of equations 
16 and 17 produced a MAE of respectively 89.0 and 
110.0 kg ha-1 of N for 2013 and 2014.

The RUE values observed in 2013 were generally within 
the range of 1.69 to 3.88 g MJ-1, previously reported for 
spring canola (Morrison and Stewart, 1995). A significant 
variation was observed regarding the N doses, and it was 
in average ca. 270% greater than that of 2014, which is in 
accord to results from Dreccer et al. (2000). The RUE of all 
treatments in 2014 remained below the values observed by 
Nied (2013) who conducted his study at the same location 
as that of the present study, but used only one N dose of 
70 kg ha-1 in topdressing fertilization. The lower k values 
in 2013 compared to 2014 (Table 2), associated with the 
increasing εa between doses of N in 2013, but decreasing in 
2014 (Figure 4B, D), explain part of the variations. This is 
because variations in k and εa occurred due to changes in 
plant architecture affecting the RUE (Caviglia and Sadras, 
2001). Further, the RUE differences between years may be 
attributed to different meteorological conditions (Figure 
1), given that N treatments were the same for both years, 
and that the experimental areas were located nearby, with 
identical soil type and basic fertilization (Manevski et al., 
2017). This alternative explanation was also suggested 
by Wang et al. (2012) and Manevski et al. (2017) after 

Figure 3. Leaf area index (LAI) as a function of thermal time sum (TT) in °C for 2013 (A) and 2014 (B). Mean plant height (PH) in 
the end of the 2013 and 2014 cycles (C). Confidence intervals are shown for each year. Mean PAR reflected as a function of ther-
mal time sum (TT) in °C for the canola canopy cultivated in the 2013 (empty circles) and 2014 (black triangles) agricultural years 
treated with topdressing N fertilization (10 kg ha-1, 20 kg ha-1, 40 kg ha-1, 80 kg ha-1 and 160 kg ha-1).
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Figure 4. Relationship between the photosynthetically active solar radiation intercepted (PARint) and absorbed (PARab) on can-
ola crops grown in 2013 (A) and 2014 (C) after the application of topdressing N fertilization (T1-T5: 10, 20, 40, 80 and 160 kg ha-1). 
Confidence intervals (CI) of the angular coefficient (absorption efficiency) of the linear equations for the N treatments in years 
2013 (B) and 2014 (D).

Confidence interval of the polynomial equation coefficients
Variable1 Statistical 2013 2014

Indicator a b c a b c
SE 0.233 0.008 < 0.001 0.015 0.001 < 0.001

RUE (g m-2 MJ-1) CI min 1.786 0.008 < -0.001 0.885 0.005 < -0.001

CI max 2.907 0.047 < -0.001 0.956 0.008 < -0.001

SE 77.904 2.711 0.015 5.344 0.186 0.001

TDM (g m-2) CI min 759.851 5.791 -0.103 327.439 4.510 -0.028

CI max 1134.445 18.828 -0.030 353.134 5.404 -0.023

SE 11.603 0.141 - 13.668 0.166 -

DMF (g m-2) CI min 543.619 1.153 - 179.466 0.289 -

CI max 599.409 1.823 - 245.185 1.084 -

SE 85.216 2.966 0.017 18.312 0.637 0.004

DMAF (g m-2) CI min 190.402 2.814 -0.102 99.786 2.033 -0.030

CI max 600.156 17.074 -0.021 187.837 5.097 -0.012

SE 250.937 8.733 0.049 20.990 0.731 0.004

YLD (kg ha-1) CI min 1793.238 11.657 -0.295 1011.274 8.388 -0.058

CI max 2999.844 53.648 -0.058 1112.201 11.900 -0.038

SE - - - 0.010 < 0.001 < 0.001

HI CI min - - - 0.305 -0.002 < 0.001

CI max - - - 0.352 < -0.001 < 0.001

Table 3. Standard error (SE), and minimum and maximum confidence intervals (CI) for the linear polynomial equation coefficients (a, 
b) and for the quadratic equation coefficients (a, b, c) of variables1 related to canola vegetative growth and yield after topdressing N 
fertilization (10, 20, 40, 80 and 160 kg ha-1) in years 2013 and 2014 in Passo Fundo, RS, Brazil. Empty spaces (-) indicate that there was no 
adjusted equation and/or the estimated coefficient was not significant.

1RUE = photosynthetically active solar radiation use efficiency; TDM = total dry matter at the canola harvest; DMF = dry matter accumulated until flower-
ing; DMAF = dry matter after flowering; YLD = grain yield; HI = crop harvest index.
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the RUE assessment in different perennial and annual 
species that exhibit different carbon metabolic routes (C3 

and C4 species). Furthermore, Kuai et al. (2016) observed 
a significant effect of the inter-annual meteorological 
variability on the RUE in winter canola. The mean Tn 
found in our study indicate that the environmental 
conditions were more favorable to canola development in 
the vegetative phase, similar to results from Riffkin et al. 
(2012), who found that prevailing the formation of large 
leaves with greater biomass production potencial. This 
contrast, however with the results of Stefanowska et al., 
(1999) and Slauenwhite and Qaderi (2013), who found that 
the high air temperature favors the formation of smaller 
leaves and with lower biomass production potential.

There was a significant difference between years (Table 
3) and N treatments (P <0.05; Figure 5) for DMF. There was 
a better fit for DMF to N doses in 2013 (higher r²) than in 
2014. In the first year there was an increment of 1.5 g m-2 
of DMF for each kg of N in contrast to the second year, 
with an increment of ca. 0.7 g m-2, resulting respectively 
in 810 (2013) and 322 g m-2 (2014). Thus, in the MAE for 
N use, the DMF in 2013 was more than double that of 
2014. A different response was verified with DMAF, which 
presented a quadratic fit to the N for both years (Figure 
5), with significant differences between years, as verified 
by the confidence interval of the angular coefficients. The 

data fit to the quadratic function was better for 2014, with 
higher r² and lower standard errors (Table 3).

Increased biomass production in function of increasing 
N doses up to a certain level is an expected response 
for canola (Bouchet et al., 2016). In 2013 and 2014, the 
difference in produced TDM was significant among the 
N doses, but with a high variability between years. The 
values was close to the TDM observed by Cheema et al. 
(2012). Kaefer et al. (2014) noted TDM ranging from 1,260 
to 1,350 g m-2 for an estimated population of 45 plants per 
m-2. In 2013, TDM was close to the values found by other 
authors in the same region (Kaefer et al., 2014), whereas 
TDM in 2014 was less than half of the value estimated for 
2013. This result also reinforces the indication that canola 
N response is strongly related to meteorological and 
environmental conditions during the in cultivation period 
(Riffkin et al., 2012), suggesting the strategy of improving 
the N dose of MAE. The doses of MAE for TDM were close 
to the doses used by Cheema et al. (2010), who observed 
higher TDM with 90 kg ha-1 of N, but differ from the MAE 
observed by Kaefer et al. (2014), who noted 74 kg ha-1 and 73 
kg ha-1 in two years. Therefore, for the southernmost areas 
of Brazil, canola can have a high potential of production 
due to N topdressing fertilization application in cold years, 
as found in the 2013 experimental year. Moreover, canola 
can be more responsive to N topdressing fertilization in 
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Figure 5. Effect of topdressing N fertilization on photosynthetically active solar radiation use efficiency (RUE), total dry matter at 
harvest (TDM), dry matter accumulated until flowering (DMF), dry matter after flowering (DMAF), grain yield (YLD) and crop har-
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to one of the five N treatments (T1-T5: 10, 20, 40, 80 and 160 kg ha-1). Correlation coefficients are shown for each year accordingly.
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environments with lower Tn, higher altitude, and previous 
plant cold acclimation. 

Despite the existence of distinct environmental 
potentials, for the crop, however, it is essential to combine 
them into one integrative biological potential. For canola, 
the YLD potential is associated with the biomass production 
during the vegetative phase, until the beginning of the 
grain filling stage (Chongo and McVetty, 2000, Zhang and 
Flottmann, 2016). In this sense, we found different N dose 
responses in the two years, with a linear fit until flowering 
(DMF) and a quadratic fit after flowering (DMAF) between 
biomass and N doses (Figure 5). These indicate distinct N 
use strategies during the crop cycle. The linear fit until 
flowering corroborates the hypothesis that canola YLD is 
associated with DMF production (Lack et al., 2011; Ma et 
al., 2015) and with the environmental conditions of the 
vegetative phase. Therefore, management strategies that 
increase DMF may favor canola YLD, since plants would 
reach flowering with greater YLD potential (Figure 5). 
However, the integrated evaluation of the results (years 
and N doses) also shows a high relationship between YLD 
and DMAF. This is explained by the rapid leaf senescence 
in the beginning of flowering (Dreecer et al., 2000; Nied, 
2013). In this process, photoassimilated reserves are 
rapidly translocated to guarantee the production of the 
first flowers, while the remaining flowers will only be 
formed by the photoassimilate production during silique 
formation and grain filling (Dreecer et al., 2000). Thus, 
if the accumulation of DMF is responsible for canola 
productive potential (Chongo and McVetty, 2000; Zhang 
and Flottmann, 2016), the formation of YLD is associated 

with DMAF produced after flowering, as demonstrated by 
the symmetrical response of DMAF and YLD to N doses in 
our experiments (Figure 5).

The TDM and YLD showed significant differences 
between years and N treatments (Table 3), with a significant 
response for both traits and years (P <0.05; Figure 5). The 
values were greater for 2013 for both TDM and YLD, but 
the fit was stronger for 2014 (r² >0.90). The TDM ranged 
from ca. 1,000 to 1,600 g m-2 in 2013. In 2014, the maximum 
TDM did not reach 600 g m-2, which corresponds to less 
than half of the TDM found in 2013. The N dose for the 
MAE of TDM was 92.7 kg ha-1 in 2013, but 99.0 kg ha-1 in 
2014, resulting respectively in 1,518 and 586 g m-2 for 2013 
and 2014. Hence, TDM production was 2.6 times higher in 
2013 than in 2014 at the N dose of MAE. Considering the 
DMF produced in treatment T5 (MAE dose) and TDM in the 
MAE dose (Figure 5), more than 50% of TDM (53% in 2013 
and 55% in 2014) was produced until flowering, and the 
remaining of the TDM was added after flowering. 

YLD variation was the same as observed for TDM, 
reaching 4,000 kg ha-1 in T4 and above 2,500 kg ha-1 in 
T1 (Figure 5) for 2013. Meanwhile, YLD varied from 
1,130 kg ha-1 in T1 to 1,553 kg ha-1 in T4 for 2014. Similarly, 
Kaefer et al. (2014) reported a YLD ranging from 628 kg ha-1 
(with N dose of 0 kg ha-1) to 1,815 kg ha-1 (with 100 kg ha-1 of 
N). In another study, Nied (2013) obtained an YLD of 1,000-
2,000 kg ha-1 with ca. 70 kg ha-1 of N. The N dose of MAE 
found here was respectively of 92.8 and 105.7 kg ha-1 for 
YLD in 2013 and 2014, corresponding to a reference value 
of 100 kg ha-1 of N. These doses are greater than the value 
of 89 kg ha-1 of N reported by Kaefer et al. (2014). Over 
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both years and treatments, YLD was highly dependent 
on RUE and TDM, with r² greater than 0.95. YLD was also 
highly related to DMF and DMAF, with r² respectively of 
0.87 and 0.91 (Figure 5). There was an increase of 2.4 and 
1,300 kg ha-1 of grains respectively for RUE and TDM for 
each gram unit of TDM per m2 produced. This holds true 
also for each gram unit of TDM per m2 MJ-1 accumulated. 
Moreover, there was an increase of 4.30 and 4.28 kg ha-1 of 
grains for each gram unit per m-2 for DMF (until flowering) 
and accumulated DMAF (after flowering).

Regarding HI, there was practically no difference for N 
in 2013, in contrast to the results of Dreccer et al. (2000). 
However, there was a significant quadratic response for HI 
in 2014. The HI overall means were 0.26 and 0.31 for the 
consecutive years. These values are in accord with normal 
values for canola, which vary from 0.20 to 0.40 (Fan et al., 
2017).

The YLD and HI are two classic indicators for 
evaluating the agronomic performance of grain crops. In 
this study, however, HI was not a good indicator of canola 
performance, as in other crops as wheat (Triticum aestivum 
L.), maize (Zea mays L.), oat (Avena sativa L.), barley (Hordeum 
vulgare L.), lentil (Lens culinaris L.), soybean (Glycine max 
L.), sorghum (Sorghum bicolor L. Moench) (Fan et al., 2017; 
Thapa et al., 2017). We found a quadratic response in 2014, 
but there is no biological explanation for the concave 
shape of the function. This observation was probably due 
to an unknown bias (Figure 5 and Table 3). According to 
Zhang and Flottmann (2016), the high yield performance 
of canola in favorable environments is determined by 
the storage/translocation relationship during different 
plant developmental phases. This suggests that although 
YLD variability was high, YLD values are within the range 
expected for canola. Most of the canola cultivation regions 
worldwide show YLD means ranging from 1,000 to 4,000 
kg ha-1 (Rondanini et al., 2012). Therefore, YLD should 
be a better indicator to evaluate the canola productive 
performance than the HI. Moreover, variations in canola 
YLD were also reported by Kirkegaard et al. (2016), and 
they mentioned that YLD reduction for a given sowing 
date could be attributed to lower biomass production in 
the same sowing date because of the higher Tn. Thus, 
it seems clear that high N availability during the canola 
cycle, associated with mild air temperature conditions can 
contribute to increasing the YLD crop potential.

Conclusions

The interception, absorption, and use efficiency 
of photosynthetically active solar radiation increase 
with increase in nitrogen application via topdressing 
fertilization.

The increase in the coefficients of interception and 

use of photosynthetically active solar radiation associated 
with nitrogen fertilization result in increase of dry matter 
accumulated until and during flowering, but also at the 
grain filling stage, and further the total dry matter and 
grain yield of canola.

The response of use efficiency of the photosynthetically 
active solar radiation, dry matter after flowering, total 
dry matter, and grain yield to the nitrogen applied in 
topdressing fertilization is quadratic, with a maximum 
agronomic efficiency dose of 100 kg ha-1 of nitrogen.

The response to the nitrogen doses of dry matter 
accumulated until canola flowering is linear and positive.

The yield of canola grains varies linearly and positively 
as a function of solar radiation use efficiency, dry matter 
accumulated until flowering, dry matter after flowering, 
and total dry matter of canola.
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REFERENCIAÇÃO

Uso da radiação solar na melhoria do rendimento de grãos 
de canola (Brassica napus L., Brassicaceae), influenciada 
pela adubação nitrogenada em cobertura

O objetivo do trabalho foi quantificar e avaliar os coeficientes de interceptação, 
absorção e uso da radiação solar fotossinteticamente ativa (PAR), e seus efeitos no 
rendimento de grãos (YLD) da canola de primavera, influenciados pela adubação 
com nitrogênio (N) em cobertura. Dois experimentos foram realizados em 2013 e 
2014, em blocos casualizados, com quatro repetições e cinco tratamentos de N: T1-
T5 (10, 20, 40, 80 e 160 kg ha-1, respectivamente). Variáveis de plantas, balanço de 
PAR e variáveis meteorológicas foram medidas. A menor eficiência de interceptação 
da PAR (εi) ocorreu em T1. O coeficiente de extinção de luz (k) variou de 0,55 a 1,09. 
A eficiência de absorção de PAR (εa) variou de 86 a 93%, enquanto a eficiência de 
uso de PAR (RUE), foi entre 1,2 e 3,7 g m-2 MJ-1. A dose média de N para máxima 
eficiência agronômica (MAE) para o YLD foi de 99,3 kg ha-1. O YLD variou de acordo 
com os tratamentos N e foi influenciado por RUE, matéria seca acumulada até o 
florescimento (DMF), a matéria seca após a floração (DMAF), e a matéria seca total 
(TDM). O nitrogênio afeta positivamente os coeficientes do balanço da PAR e por 
consequência, o rendimento de grãos da canola.
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