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a  b  s  t  r  a  c  t

Nitrogen  availability  is a major  limiting  factor  controlling  growth,  CO2 assimilation  and  productivity  of
oilseed  brassicas,  however,  little  is known  about  the  physiological  and  morphological  responses  of  B. car-
inata  to N.  A  greenhouse  study  was  conducted  at North  Florida  Research  and Education  Center,  Quincy,
Florida  during  2014/2015  to  determine  the effects  of N  rate  on  carinata  (B.  carinata  A.  Braun)  cv. AAC
A110  and (B.  napus  L.)  cv. Canterra  1918  growth,  development  and  photosynthesis.  Four  N  treatments
(0,  33,  66  and  100%  of  N in  full strength  Hoagland  solution)  were  imposed  30 days  after  planting.  Plant
height,  leaf  area,  node  number,  branches  and  total biomass  and its components  (leaf,  stem  and  root  dry
weights)  in  both  species  decreased  linearly  with  N reduction.  Intra-specific  total  dry  matter  and  photo-
synthetic  capacity  did  not  vary  55  days  after  treatment  (DAT).  However,  partitioning  biomass  to  various
plant  components  differed  between  the  species  and was  modified  by  N availability.  At all  N  rates,  carinata
apportioned  >53%  of  total  biomass  to the stem  component  while  in canola  stems  comprised  17–34%  of
total  biomass.  Roots  contributed  more  to total  dry  weight  in canola  (33–46%)  than  in carinata  (23–29%)
except  at  the  highest  N level.  In  both  species,  root  dry matter  increased  with  decreasing  N availability.
At  55 DAT,  total  chlorophyll,  Chla  and  Chlb  concentrations,  specific  leaf  area  and photosynthetic  capacity

for  both  species  decreased  with  N deficiency.  Parameters  of  leaf  photosynthetic  responses  to  photo-
synthetically  active  radiation  and  internal  CO2 concentration  curves  were  also  altered  by  N  availability.
During  the  vegetative  stage,  N deficiency  restricted  plant  growth,  biomass  production  and  also  modified
resource  allocation  which  may  have  implications  for N use  efficiency  and recovery  during  reproductive
development.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Emerging biofuel platforms address concerns of national energy
ecurity, oil market volatility and climate change mitigation
hrough the development of alternative, renewable energy sources
o satisfy renewable policies across the US. Renewables from
iomass waste, wood and biofuels accounted for 49% of the 9.69
uadrillion Btu of renewable energy produced in 2015 (U.S. Energy

nformation Administration, 2016). Soybean (Glycine max L.) and
orn (Zea mays L.) are the primary first generation biofuel feed-
tocks for ethanol and biodiesel production in the US (U.S. Energy
nformation Administration, 2016). Dedicated innovative second

eneration feedstocks that competitively use natural resources
or food/feed and fuel production can diversify renewable energy
ources from agricultural crops without taking lands out of food

∗ Corresponding author.
E-mail address: rseepaul216@ufl.edu (R. Seepaul).

ttp://dx.doi.org/10.1016/j.indcrop.2016.09.054
926-6690/© 2016 Elsevier B.V. All rights reserved.
production. Cash-based winter cover crops can fit seamlessly into
existing southeastern US rotation systems and are amenable to cur-
rent production infrastructure leading to enhanced revenue and
sustainability of production systems.

Non-food plant-derived oils have an important role in address-
ing the needs for sustainable renewable energy sources in the
emerging global bioeconomy. Currently, about 95% of global plant-
derived oils are from 8 crops distributed in 6 families (FAOSTAT,
2015). These edible oils predominantly contain 16 and 18 carbon
fatty acids, such as palmitic (C16:0), stearic (C18:0), oleic (C18:1),
linoleic (C18:2), and linolenic (C18:3) acids. Erucic acid (C22:1)
is the major very long chain fatty acid in seed oil produced from
carinata (30–45%) and high erucic acid canola (35–50%). High con-
centrations of erucic acid produce greater yields of fuel and result
in fuel chemistry similar to petroleum-derived fuels compared

with other renewable plant oils. Oleiferous brassicas including
carinata and high erucic acid canola are promising and compet-
itive feedstocks for bio-based fuel industries. C3 crops such as
carinata (n = 17, BBCC) and canola (n = 19, AACC) are natural allote-

dx.doi.org/10.1016/j.indcrop.2016.09.054
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2016.09.054&domain=pdf
mailto:rseepaul216@ufl.edu
dx.doi.org/10.1016/j.indcrop.2016.09.054
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raploids with B. oleracea (n = 9, CC) as a common parent. Relative
o canola, carinata possesses valuable agronomic traits such as bet-
er heat and drought tolerance (Kumar et al., 1984), resistance to
iseases (Shivpuri et al., 1997) and resistance to seed shattering
Zanetti et al., 2013). Spring-seeded carinata genotypes produced
0% greater seed yield than commercial canola varieties in Min-
esota, US. Carinata harvest index was 0.35 compared with 0.41

or canola, mainly due to the 52% greater biomass production than
anola (Gesch et al., 2015). In Central Italy, carinata seed yield was
8% lower than canola with 10% lower oil production, although the
rop residues were twice that of canola (Del Gatto et al., 2015). Sim-
lar observations in relative yield and oil content responses were
eported by Zanetti et al., 2009. Both crops are grown primarily for
he production of oils with carinata being a dedicated industrial
ilseed crop for ‘drop in’ aviation fuels while canola has dual edible
nd industrial oil applications. Carinata oil content averaged 40.2%
hile canola averaged 45.6%, however, the oil yield of carinata was

6% greater than canola (Gesch et al., 2015).
Brassicas are highly responsive to N application (Hocking et al.,

997) and require relatively high rates of mineral N fertilizers for
ptimum seed yields (Malagoli et al., 2005; Rathke et al., 2006).
itrogen accounts for the largest energy input and production cost

n oilseed production (Gan et al., 2008), therefore optimizing N for
gronomic and economic efficiencies are critical for commercial
uccess. Managing N application for uptake and utilization effi-
iency requires an understanding of growth and resource allocation
n response to N limitation. Brassicas have relatively high N uptake
uring vegetative growth until flowering followed by reduced N
ptake during flowering and finally incomplete N translocation

rom the leaves and stems to the developing seeds (Wiesler et al.,
001). Although brassicas have a high capacity for N uptake, many
pecies have a low nitrogen use efficiency and remobilization dur-
ng the vegetative phase partly due to freeze-induced abscission
f N-rich leaves during cold winter months (Albert et al., 2012;
alagoli et al., 2005; Rossato et al., 2001).

Nutrient availability, allocation and translocation influence
lant acclimation to variation in soil nutrient status. Nutrient

imitations during early season development leads to morpholog-
cal plasticity through the redistribution of biomass among plant
rgans to ensure reproductive fitness and accelerated completion
f ontogeny. Nitrogen is an essential element for plant growth and
evelopment involved in cell differentiation and elongation. As a
esult, N deficiencies reduce plant growth by restricting leaf area
evelopment (Albert et al., 2012; Gammelvind et al., 1996), branch-

ng (Momoh  et al., 2004) and dry matter accumulation during the
egetative phase. During the vegetative stage, the leaves represent

 major nitrogen source and sink with the remobilization of nutri-
nts from old to younger leaves or senescing leaves to reproductive
issues during bolting, flowering and seed fill (Jensen et al., 1996).
itrogen mobilized from canola leaves and stems contributes 70%
f the total N required for seed filling with the remainder mobi-

ized from other tissues (22% from inflorescence and 8% from roots
Malagoli et al., 2005). Nitrogen uptake is usually greatest during
he vegetative stage and declines at flowering and pod fill in canola
Rossato et al., 2001). Abiotic factors that affect the uptake, assim-
lation and allocation capacity during the pre-bolting period will

odulate the reproductive performance and seed yield of oilseed
rassicas (Jackson, 2000; Malagoli et al., 2004, 2005). For example,
emoval of 50% of the leaves present at the end of the vegetative
tage resulted in a 30% decrease in seed yield in canola (Noquet
t al., 2004).

The majority of N utilized by plants establishes and main-

ains photosynthetic apparatus which may  contain up to 75% of
otal leaf N content in C3 plants (Chapin et al., 1996). As a result,
hotosynthesis is strongly correlated with leaf N concentration
Gammelvind et al., 1996; Jensen et al., 1996). During the vegetative
 Products 94 (2016) 872–883 873

stage, fully developed leaves of canola maintain a high photosyn-
thetic capacity (35–45 �mol  m−2 s−1) and stomatal conductance
(1–1.5 mol  m−2 s−1) over 2–3 weeks (Jensen et al., 1996). Inter-
specific variation in nutrient uptake and gas exchange affect the
biomass allocation and competitive ability in relation to nutrient
and light availability (Knops and Reinhart, 2000).

Phenotyping and quantifying nitrogen response can aid in the
identification of target traits to screen for N use efficiency in N-
limited conditions and serve as a precursor to breeding for those
traits for improved oilseed productivity. Therefore, understanding
the effects of early season N deprivation on growth, development
and physiology of oilseed brassica is essential for optimum N man-
agement and seed productivity. Although canola has benefitted
from decades of mineral nutrition and physiology research (Rathke
et al., 2006; Zanetti et al., 2013), there is a dearth of information on
the growth and physiological responses of carinata to N deficiency.
Therefore, the aim of this study was to quantify and compare the
effects of N deficiency on carinata and canola biomass accumula-
tion, developmental rates and gas exchange processes during the
vegetative stage.

2. Materials and methods

2.1. Plant culture

This greenhouse experiment was conducted at the UF/IFAS
North Florida Research and Education Center, Quincy, Florida (30◦

32′ 44.7036′′ N, 84◦ 35′ 41.0820′′ W).  Seeds of carinata cv. AAC
A110 and open pollinated winter type canola cv. Canterra 1918 (5
seeds pot−1) were planted on 1 December 2014 in 288 plastic pots
(31.8 cm height × 19.7 cm diameter, 7.65 L) filled with fine sand as
the growth substrate and saturated until free drainage with full
strength Hoagland solution prior to planting. The Hoagland nutri-
ent solution was  modified by substituting Ca(NO3)2 with CaCl2 and
KNO3 with KCl in order to achieve the specified N concentrations
(Reddy and Matcha, 2010). The pH of the sand was 5.8 and had very
low levels of nutrients, in kg ha−1, P (17), K (12), Mg (17), Ca (294)
and 0% organic matter and 0.008% N. Pots were arranged in 6 rows
of 6 pots oriented in an east to west direction on sliding benches as
a randomized complete block design with five replications at each
harvest per N level per species. Plants were sequentially thinned
to one plant per pot 7 to 14 days after planting (DAP). To mini-
mize border effect, pots were kept equidistant from each other after
each harvest and perimeter pots were not measured. The daytime
temperature was  maintained at 19.6 ± 2.6 ◦C and night tempera-
ture at 12.8 ± 1.7 ◦C throughout the experiment. The daytime RH
was 60.4 ± 7.9% and night RH at 80 ± 10.6% throughout the experi-
ment. Plants were grown under a 12-h/12-h light/dark photoperiod
with supplemental lighting from high-pressure sodium lamps that
provided a total flux ≈1200 �mol  m−2 s−1. Pots were rotated within
and across benches to minimize differences in temperature hetero-
geneity prior to treatment imposition. To further reduce the effect
of temperature differences, the pots were rotated among the four
benches, three times during the experiment.

2.2. Treatments

Irrigation with full strength Hoagland solution continued to 30
DAP after which the four N treatments [0 (0 mg  N l−1), 33 (5 mg  N
l−1), 66 (10 mg  N l−1) and 100% control (16 mg N l−1)] of N in full
strength Hoagland solution were imposed. To ensure optimum

water conditions, fertigation was supplied three times daily, at
0830, 1230 and 1630 h through a drip irrigation system metered
by an ESP-LX BASIC 12 station modular irrigation controller (Rain
Bird Corp., Azusa, CA).
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Table 1
Significance levels from analysis of variance for the effect of nitrogen (N) rate on
growth parameters of carinata and canola measured 85 days after planting and
55  days after nitrogen treatment.

Source of variation PHa LA LDW SDW RDW TDW RSR Node Branch RL

Species ***b * *** *** *** ns *** *** *** *
N  *** *** *** *** *** *** *** *** *** *
Species × N ** ns ns ns * ns ns ns ns ns

a Plant height (PH), total leaf area (LA), leaf dry weight (LDW) stem dry weight
(SDW), root dry weight (RDW), total dry weight (TDW), root:shoot ratio (RSR, unit-
 levels of nitrogen (0, 33, 66 and 100% of N in Hoagland solution) and measured
t  10-day interval until 55 days after treatment. Each data point is the mean of 4
easurements. Bars represent the standard error of the means.

.3. Growth measurements

Plant height was measured from the soil level to the upper-
ost visible mainstem node ten days after treatment at each of

he five harvests that occurred at 10 days interval. The number
f nodes on the mainstem and number of primary branches were
lso recorded. Both species were harvested and separated into leaf
lades and stems (petiole and stems). Leaf blade area was measured
t each harvest using a LI-3000A Portable Area Meter connected
o a LI-3050A Transparent Belt Conveyer (LI-COR Biosciences, Lin-
oln, NE). Roots were washed over a fine screen and the maximum
oot length measured. All tissue samples were dried in a forced-air
ven at 60 ◦C for 72 h before being weighed to determine dry matter
ccumulation partitioned to below and above-ground organs.

.4. Pigments and gas exchange measurements

Leaf pigment concentrations (Chla, Chlb and carotenoids) were
stimated in the upper most fully expanded leaf of four plants in
ach treatment 55 DAT. Five leaf discs (each 38.5 mm2) were placed
n vials containing 5 mL  dimethyl sulphoxide and incubated in dark
t room temperature for 24 h for pigment extraction. Absorbance of
he extract was measured using a spectrophotometer (Cary BIO 50,
arian, CA, USA) at 470, 648 and 664 nm to calculate Chla, Chlb and
arotenoids concentrations, respectively, using equations devel-

ped by Lichtenthaler (1987) and expressed on a leaf area basis
�g cm−2).

Gas exchange processes [net photosynthesis (Pn), stomatal con-
uctance (Gs) and transpiration (Tr)] of the upper most fully
less), mainstem node numbers (node), primary branches (branch) and maximum
root length (RL).

b ns: not significant at P > 0.05; *,**,*** significance level at P ≤ 0.05, 0.01 and 0.001.

expanded leaf of four plants in each treatment were measured
between 1000 and 1400 h using a LI-6400 portable photosynthe-
sis system (LI-COR Biosciences, Lincoln, NE). When measuring Pn,
Gs and Tr , the PAR (provided by a 6400-02 LED light source) was
set to 1200 �mol  m−2 s−1 (based on measured PAR in the green-
house), leaf cuvette temperature set at 20 ◦C, leaf chamber CO2
concentration set at 400 �L L−1 and relative humidity maintained
at ambient conditions. Photosynthetic light and Ci-response curves
were measured on three plants in each treatment 55 DAP. For pho-
tosynthetic light curves, the leaf cuvette temperature was set at
20 ◦C, leaf chamber CO2 concentration set at 400 �L L−1 and rel-
ative humidity maintained at ambient conditions while the PAR
increased from 0 to 2000 �mol m−2s−1. Leaves were dark adapted
before logging the first measurement. When measuring Ci curves,
the leaf cuvette temperature was  maintained at 20 ◦C and the PAR
set at 1200 �mol  m−2 s−1 while the CO2 concentration was pro-
grammed to increase from 0 to 800 �L L−1.

2.5. Data analysis

To test for the interaction and main effects of nitrogen levels and
species on growth, development and physiological traits, a two  way
ANOVA was performed using PROC GLM in SAS 9.4 (SAS Institute
Inc., NC). Treatment means were separated using Fisher’s protected
least significant difference (P < 0.05). Relationships among growth,
development and physiological parameters were done using corre-
lation analysis. When correlations were detected, regressions were
performed using PROC REG (SAS Institute) to derive generalized
equations capable of predicting development rates. Polynomial
models were used to test whether relationships between nitro-
gen and all measured parameters were nonlinear. The functional
form of the regression relation was  determined starting with the
linear function, followed by addition of successively higher order
polynomials. If the higher order polynomials did not substantially
improve the response curve (based on r2 values) then they were
ignored. Light-saturated photosynthesis (Amax), dark respiration
rate (Rd), apparent quantum efficiency (AQE), light compensation
point (LCP) and light saturation point (LSP) from light response
curves were estimated by non-linear regression by using Photo-
syn Assistant software (ver 1.1.2, Dundee Scientific, Scotland, UK).
Maximum carboxylation rate by Rubisco (Vcmax), light-saturated
electron transport (Jmax) and other parameters from A/Ci were also
calculated using Photosyn Assistant software. Means were sepa-
rated by Fisher’s protected LSD test at P < 0.05.

3. Results

3.1. Growth and development
Plant height, leaf area and total dry matter and biomass (leaf,
stem and root dry weights) decreased linearly with N deprivation
in both species (Table 1). Plant height and node numbers of car-
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Fig. 2. Nitrogen nutrition effects (a) mainstem elongation rates (cm day−1), (b) leaf area expansion rates cm day−1 plant−1), (c) node addition rates (no.day−1)and (d) branch
addition rates (no.day−1) of carinata and canola grown at 4 levels of N (0, 33, 66 and 100% of N in Hoagland solution). Each data point is the mean of 4 measurements while
bars  represent the standard error of the means.

Table 2
Effects of nitrogen (N) rates on carinata growth traits and dry matter partitioning at 85 days after planting and 55 days after nitrogen treatment. Data are mean ± S.E. of four
replicates.

N level (%) PHa LA LDW SDW RDW TDW RSR Nodes IL PB RL

cm m2 plant−1 g plant−1 no. plant−1 cm node−1 no. plant−1 cm

0 57.5 ± 3.8 0.06 ± 0.01 3.93 ± 0.83 15.92 ± 2.65 8.17 ± 0.77 28.01 ± 1.83 0.43 ± 0.08 36.0 ± 1.73 1.61 ± 0.12 11.75 ± 4.33 50.5 ± 7.86
33  100.0 ± 2.1 0.22 ± 0.03 9.96 ± 1.0 29.67 ± 2.43 16.13 ± 0.74 55.76 ± 2.5 0.41 ± 0.02 38.0 ± 1.22 2.64 ± 0.1 32.75 ± 0.63 47.75 ± 1.8
66  133.8 ± 3.3 0.31 ± 0.01 12.72 ± 0.92 42.31 ± 3.44 17.11 ± 1.11 72.14 ± 1.95 0.32 ± 0.04 40.0 ± 0.71 3.35 ± 0.14 36.0 ± 2.86 38.0 ± 1.78
100  148.3 ± 3.8 0.46 ± 0.05 17.99 ± 1.56 39.36 ± 3.04 17.56 ± 0.65 74.92 ± 3.12 0.31 ± 0 43.25 ± 1.11 3.43 ± 0.12 35.0 ± 1.78 37.0 ± 4.14
OPCb L***,Q*** L*** L*** L***,Q** L***,Q*** L***,Q*** L***,Q*** L***,Q** L***,Q*** L*** ns

*,**,*** Orthogonal polynomial contrasts, linear (L), quadratic (Q) significant at the 0.05, 0.01 and 0.001 levels, respectively.
a Plant height (PH), total leaf area (LA), leaf dry weight (LDW) stem dry weight (SDW), root dry weight (RDW), total dry weight (TDW), root:shoot ratio (RSR), mainstem

node  numbers (nodes), internode length (IL), primary branches (PB) and maximum root length (RL).

Table 3
Effects of nitrogen (N) rates on canola growth traits and dry matter partitioning at 85 days after planting and 55 days after nitrogen treatment. Data are mean ± S.E. of four
replicates.

N level (%) PHa LA LDW SDW RDW TDW RS Nodes IL PB RL

cm m2 plant−1 g plant−1 no. plant−1 cm node−1 no. plant−1 cm

0 19.0 ± 1.5 0.09 ± 0.01 9.93 ± 0.85 4.71 ± 0.21 12.49 ± 0.73 27.14 ± 1.68 0.86 ± 0.03 19.75 ± 0.48 0.96 ± 0.07 0 ± 0 42.75 ± 1.80
33  51.8 ± 4.2 0.23 ± 0.01 16.23 ± 1.28 12.24 ± 2.36 21.57 ± 1.56 50.03 ± 3.78 0.77 ± 0.07 24.5 ± 0.65 2.13 ± 0.22 9.0 ± 3.08 40.0 ± 2.38
66  74.8 ± 1.6 0.36 ± 0.01 20.48 ± 1.57 25.51 ± 2.58 28.34 ± 2.26 74.33 ± 2.12 0.62 ± 0.06 28.75 ± 0.48 2.60 ± 0.04 17.25 ± 1.11 31.75 ± 3.17
100  85.3 ± 4.9 0.52 ± 0.04 32.97 ± 3.73 23.67 ± 2.75 28.26 ± 1.47 84.9 ± 4.39 0.50 ± 0.02 30.0 ± 1.08 2.87 ± 0.26 21.25 ± 2.84 37.25 ± 3.20
OPCb L***,Q*** L*** L*** L***,Q** L***,Q*** L***,Q*** L***,Q*** L***,Q** L***,Q*** L*** ns

a Plant height (PH), total leaf area (LA), leaf dry weight (LDW) stem dry weight (SDW), root dry weight (RDW), total dry weight (TDW), root:shoot ratio (RSR), mainstem
node  numbers (nodes), internode length (IL), primary branches (PB) and maximum root length (RL).

b *,**,*** Orthogonal polynomial contrasts, linear (L), quadratic (Q) significant at the 0.05, 0.01 and 0.001 levels, respectively.
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Table 4
Significance levels from analysis of variance for the effect of nitrogen level on development, pigments and gas exchange parameters of carinata and canola.

Source of variation SERa NAR LAER BAR TDM GR SLA Chla Chlb Total Chl N Carotenoids Pn Gs Tr Ci

Species ***b *** *** *** ns ns *** *** ** *** *** * ns ns ns ns
N  *** *** *** *** *** *** *** *** *** *** *** *** *** ns ns ns
Species × N ns ns ns ns ns ns * ns ns ns ns ns ns ns ns ns

a Stem elongation rate (SER), node addition rate (NAR), leaf area expansion rate (LEAR), primary branch addition rate (BAR), total dry matter (TDM), growth rate (GR),
specific  leaf area (SLA), chlorophyll a (chla), chlorophyll b (chlb), total chlorophyll (Total Chl), carotenoids, leaf N concentration (N), net photosynthetic rate (Pn), stomatal
conductance (Gs), transpiration rate (Tr) and internal CO2 concentration (Ci).

b ns: not significant at p > 0.05; *,**,*** significance level at p ≤ 0.05, 0.01 and 0.001.

Table 5
ANOVA, OPC and mean photosynthesis light response curve parameters of carinata and canola leaves grown at 4 N levels (0, 33, 66 and 100% of N in Hoagland solution) and
measured 55 days after treatment.

Species N level (%) Rda ϕ Convexity Amax LCP LSE

�mol  CO2 m−2 s−1 �mol  CO2 (�mol  photons)−1 �mol  CO2 m−2 s−1 �mol  photons m−2s−1 �mol photons m−2s−1

B. carinata 0 −1.37 0.07 0.03 20.2 19.4 319.7
33  −1.14 0.07 0.18 26.4 16.8 412.0
66  −2.31 0.08 0.29 34.6 30.7 492.5
100  −1.49 0.07 0.36 34.9 21.1 536.6
OPCb ns ns L***,Q*** L**,Q*** ns L***,Q***

B. napus 0 −2.11 0.09 0.05 13.1 24.6 178.3
33  −2.31 0.08 0.11 22.3 28.0 299.3
66  −2.14 0.06 0.52 34.6 32.6 570.3
100  −2.65 0.08 1.0 36.9 34.2 516.0
OPC  L*,Q** ns L***,Q*** L***,Q*** L***,Q*** L**,Q**

ANOVA S 0.0001 0.1079 0.4356 0.1724 < 0.0001 0.2079
N  0.0854 0.1459 0.237 < 0.0001 0.0008 < 0.0001
S*N  0.0133 0.0057 0.69 0.2292 0.0549 0.1936

a Photosynthesis parameters are dark respiration rate (Rd), apparent quantum efficiency (�), convexity, maximum photosynthesis rate (Amax), light compensation point
(LCP),  and light saturation estimate (LSE).

b *,**,*** Orthogonal polynomial contrasts, linear (L), quadratic (Q) significant at the 0.05, 0.01 and 0.001 levels, respectively.

Table 6
ANOVA, OPC and mean CO2 assimilation/internal CO2 (A/Ci) curve parameters of carinata and canola plants grown at 4 N levels (0, 33, 66 and 100% of N in Hoagland solution)
and  measured 51 days after treatment.

Species N level (%) Amax
a CE Resp Vcmax Jmax TPU

�mol  CO2 m−2 s−1 �mol  CO2 m−2 s−1 �mol  CO2 m−2 s−1 �mol  CO2 m−2 s−1 Pi m−2 s−1

B. carinata 0 42.1 0.31 −10.5 49.0 212 14.9
33  51.9 0.34 −8.7 50.8 223 15.4
66  60.5 0.47 −12.5 60.6 306 18.6
100  62.4 0.41 −7.6 64.2 374 19.7
OPCb L***,Q*** L*Q** ns L***,Q*** L***,Q*** L**,Q**

B.  napus 0 65.0 0.28 −11.1 47.1 202 15.0
33  66.5 0.28 −9.9 42.8 179 13.1
66  57.6 0.30 −4.4 55.0 247 16.5
100  65.3 0.27 −4.1 52.9 234 16.2
OPC  ns ns L**,Q** L** L**,Q** Q**

ANOVA S 0.0120 0.0096 0.0365 0.0421 0.0230 0.6271
N  0.0466 0.0032 0.1848 0.0320 0.0350 0.0357
S*N  0.0623 0.0959 0.0012 0.0623 0.7242 0.0543
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t
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n

a CO2 assimilation parameters are maximum photosynthesis rate (Amax), carbox
tilization (TPU).
b *,**,*** Orthogonal polynomial contrasts, linear (L), quadratic (Q) significant at t

nata control (100% N) vs 0N treated plants decreased by 61 and
7% while those for canola decreased by 78 and 32%, respectively
Tables 2 and 3). Carinata height was significantly greater than
hat of canola at each measurement date across all N rates. During
he first 35 DAT, there were no differences in plant height among

 treatments for both species (Fig. 1). For carinata, heights were
ifferent at all N treatments at 45 DAT while canola height were
ifferent at 55 DAT onwards. Mainstem elongation rate (MSER) of
arinata, derived from the linear phase of mainstem height over
ime, was greater at all levels of N than canola. At 55 DAT, MSER rate

howed a quadratic relationship with N level for both species. Max-
mum MSER occurred at 100% N for both carinata (3.31 cm day−1)
nd canola (2.03 cm day−1) (Fig. 2). Averaged across N rates, cari-
ata had 90% greater plant height, 52% more mainstem nodes and
n efficiency (CE), dark respiration rate (Rd), Vcmax , Jmax and rate of triose phosphate

5, 0.01 and 0.001 levels, respectively.

141% more primary branches than canola. Primary branch num-
bers decreased by 66% (carinata) and 100% (canola) from control
to 0N treated plants (Tables 2 and 3). Leaf area generally increased
with time, except in the 0N treated plants (Fig. 3), and differed
with species and N level at 55 DAT (Table 2). At 55 DAT, leaf area
decreased by 87% and 83% with N reduction from 100% N control
to 0N in carinata and canola plants, respectively (Tables 2 and 3).
For the 0N treated plants, premature leaf abscission occurred after
15 DAT for carinata and 35 DAT for canola resulting in a decrease
in leaf area (Fig. 2). Plant height was  closely related to main-

stem node numbers for carinata (y = 17.045 + 0.1602x; r2 = 0.88) and
canola (y = 28.224 + 0.1001x; r2 = 0.78). Although carinata was taller
and more highly branched at optimum conditions, its total leaf
area accumulation was  more sensitive to N deficiency than canola
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Fig. 3. Temporal variation in (a) carinata and (b) canola plant total leaf area in
R. Seepaul et al. / Industrial Cro

Table 2). Under limited N supply, both species produced leaves that
ere smaller than those grown at optimum conditions (Fig. 4). Cari-

ata had smaller sized leaves compared with canola for a given leaf
umber (Fig. 4). Mainstem internode lengths, derived from plant
eight and mainstem node numbers, showed a quadratic relation-
hip with N level for carinata (y = 1.5817 + 0.0404 x − 0.0002 × 2;
2 = 0.99) and canola (y = 0.98 + 0.0392 x − 0.0002 ×2 +; R2 = 0.99).
ainstem node numbers increased linearly with time across all

 rates for both species (Fig. 5). Carinata had greater node addi-
ion rates than canola across all N levels over the treatment period
Fig. 2).

.2. Biomass allocation

Vegetative morphology and biomass distribution patterns were
ltered by N limitation. Total dry weight did not differ between
he species and showed a quadratic relationship with N level
y = 27.25 + 1.0557 x − 0.005 ×2; R2 = 0.97) (Tables 2 and 3). Plants
rown under limited N supply accumulated less biomass and plant
omponent dry weights (Fig. 6) similar to previous reports (Pan
t al., 2011). Biomass distribution to various plant components
iffered between the species and was modified by N availabil-

ty (Tables 2 and 3, Fig. 6). Carinata apportioned 53–59% of total
iomass to the stem component across all N rates while canola
tems comprised 17–34% of total biomass (Tables 2 and 3). Car-
nata allocated 14–24% of total dry weight to leaves while canola
llocated 28–39% across all N rates. Roots contributed more to TDW
n canola (33–46%) than carinata (23–29%) except at the highest N
evel (Tables 2 and 3). Root biomass increased linearly with N level
or both species (Tables 2 and 3). Maximum root length did not vary

ith N availability (Tables 2 and 3) but may  have been restricted by
he pot size used in this study. Root:shoot ratio decreased linearly
ith increasing N availability across species. Carinata (0.42–0.31)

ad a lower root:shoot ratio than canola (0.86–0.50) across all levels
f N supply (Tables 2 and 3).

.3. Leaf N, pigment concentration, SLA

Leaf N, leaf total chlorophyll, Chla and Chlb and carotenoid
oncentrations at 55 DAT differed among N levels and species
Table 4). Leaf N concentration decreased linearly with N depriva-
ion from 42.8 to 19.5 g kg−1 (4arinata, y = 20.80 + 0.2281x; r2 = 0.98)
nd from 37.3 to 10.9 g kg−1 (canola, y = 11.91 + 0.2536x; r2 = 0.98)
Fig. 8a). Leaf N content per g dry leaf was positively correlated
ith leaf N per unit area for both species (Fig. 8b). Similar to leaf
, leaf total chlorophyll, Chla and Chlb and carotenoid concentra-

ions decreased linearly with N deficiency for both species (Fig. 9).
he 0N treated plants had 69 and 73% lower Chla, 58 and 80%

ower Chlb, 67 and 76% lower total chlorophyll and 54 and 49%
ower carotenoid concentrations than carinata and canola 100% N
reated plants, respectively. Across species and N level, carinata
ad 40% lower Chla, 28% lower Chlb, 16% lower total chlorophyll
nd 16% lower carotenoid concentration than canola. There was

 linear relationship between leaf nitrogen and total chlorophyll
oncentration for carinata (y = 8.53 − 1.3553x; r2 = 0.77) and canola
y = 1.36 + 1.6142x; r2 = 0.76).

Specific leaf area (SLA), a function of leaf dry-matter and leaf
rea, differed between the species (Table 4) ranging from 165 to
00 cm2 g−1 in carinata and 106 to 177 cm2 g−1 in canola with

ncreasing N level (Fig. 10). Specific leaf area increased linearly
ith N concentration for carinata (y = 0.27 − 0.0455x; r2 = 0.78)

nd canola (y = 18.87 − 5.5434x; r2 = 0.64). Photosynthesis also lin-

arly increased with SLA for carinata (y = 6.66 − 0.1502x; r2 = 0.71)
nd canola (y = 14.54 + 0.0735x; r2 = 0.77). Transpiration linearly
ncreased with SLA for carinata (y = 3.7917 + 0.0144x; r2 = 0.50)
nd canola (y = 3.091 + 0.0225x; r2 = 0.72). No significant relation-
response to 4 levels of nitrogen (0, 33, 66 and 100% of N in Hoagland solution)
and measured at 10-day interval until 55 days after treatments. Each data point is
the  mean of 4 measurements while bars represent the standard error of the means.

ships existed between SLA and stomatal conductance and internal
CO2 concentration. Leaf biomass also increased with SLA for cari-
nata (y = 121.0 − 0.9323x; r2 = 0.71) and canola (y = 1.80 − 0.5249x;
r2 = 0.83). Across species, biomass traits, plant height (r = 0.87,
P <0.0001), node numbers (r = 0.92, P <0.0001), LDW (r = 0.80,
p <0.0001), SDW (r = 0.89, P <0.0001), and RDW (r = 0.82, P <0.0001)
positively correlated with SLA. Root:shoot ratio negatively corre-
lated with SLA (r = −0.90, P <0.0001).

3.4. Gas exchange processes

At 55 DAT, pre-bolting leaf-level Pn of the uppermost fully
expanded leaf did not differ between the species but decreased
linearly with N deprivation (Fig. 11). The 0N treated plants
(21.2 �mol  m−2 s−1) produced 47% less photosynthates than 100%
N plants (31.0 �mol  m−2 s−1) when averaged across species.
The photosynthetic capacity of both species is closely related
to the leaf N (y = 13.92 + 0.31x; r2 = 0.80) and total chlorophyll
(y = 13.917 + 0.428x; r2 = 0.72) concentrations of the leaf, similar to
findings reported by Jensen et al. (1996).

3.5. Leaf photosynthetic responses to PAR and Ci

Leaf photosynthetic responses to photosynthetically active
radiation (PAR) exhibited similar exponential increases in net pho-

tosynthesis for both species across all N levels (Fig. 12). Nitrogen
supply had significant effects on maximum photosynthesis (Amax),
light compensation point (LCP) and light saturation estimate (LSE)
but not dark respiration (Rd), apparent quantum efficiency (AQE)
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Fig. 5. Temporal variation in (a) carinata and (b) canola mainstem node numbers
ig. 4. Nitrogen nutrition effects on (a) carinata and (b) canola leaf size distribu-
ion  on the mainstem 55 days after treatment. Each data point is the mean of 4

easurements while bars represent the standard error of the means.

nd convexity of carinata and canola leaves in response to irradi-
nce. Leaves with higher N content utilize PAR more effectively
or photosynthesis than those with lower N content, hence the
ositive correlation between leaf N and photosynthesis (r = 0.81,

 <0.0001). Although, leaf N content of carinata was  greater than
anola (Fig. 8), Amax did not differ between the species (Table 5). At
ow PAR (<200 �mol  m−2 s−1), photosynthesis did not vary with N
evel across species. Averaged across species, at 2000 �mol  m−2 s−1,
lants that received 100% N accumulated 19 �mol  m−2 s−1 more
hotoassimilates than 0N treated plants (Fig. 12). The dark respi-
ation rate, Rd, the rate at which CO2 is released to the atmosphere
t 0 PAR, differed between species but did not vary with N level
Table 5). Averaged across N level, carinata (−1.6 �mol  m−2 s−1)
ad a greater dark respiration rate than canola (−2.3 �mol  m−2 s−1)
Table 5). The LCP, PAR value at which net assimilation rate is
ero, varied with species and N level and was generally greater in
anola (29.8 �mol  photons m−2 s−1) than carinata (22.0 �mol  pho-
ons m−2 s−1). Across species, mean LCP of 100% N treated plants
as 20% higher than the 0N treated plants. Curve convexity, the

ransition from light-limited to light-saturated photosynthetic rate
r the ratio of physical to total resistance to diffusion of CO2 into
he chloroplast, did not vary with species or N level (Table 5). The
ight saturation estimate (LSE), the PAR where photosynthesis first
eaches its maximum rate, did not vary between the species but
enerally increased with N level from 249 to 526 (mmol  photons
−2 s−1). Apparent quantum efficiency (AQE, �), the initial slope

f the PAR curve as a measure of the photosynthetic efficiency, did

ot differ with species or N level.

Net photosynthesis was sensitive to the changes of inter-
al leaf CO2 concentration (Ci) and was modulated by the leaf

 concentration. Treatment N level had significant effects on
in response to 4 levels of nitrogen (0, 33, 66 and 100% of N in Hoagland solution)
and  measured at 10-day interval until 55 days after treatment. Each data point is
the  mean of 4 measurements while bars represent the standard error of the means.

maximum photosynthesis rate (Amax), maximum rate of Rubisco
carboxylation (Vcmax), maximum rate of election transport for RUBP
regeneration (Jmax) and CE (carboxylation efficiency) but not dark
respiration (Rd) and triose phosphate utilization (TPU) of carinata
and canola leaves in response to Ci (Table 6). Modelled maximum
photosynthesis of 100% N treated carinata leaves increased by 33%
over 0N treated plants while that of canola did not differ with N
availability (Table 6). The increase in carinata Amax with N level
resulted from increases in the regulation of the potential electron
transport rate and the maximum Rubisco activity. At 0 CO2 �L L−1,
CO2 evolves from the mitochondria under lighted conditions and
represents dark respiration which did not vary with species or N
level. The initial slope of the relationship between photosynthetic
rate and internal CO2 concentration (∼200 CO2 �L L−1) represents
the area of Rubisco limitation to photosynthesis emanating from
the saturation of ribulose bisphosphate. The Vcmax did not differ
between the species averaging 53 �mol  m−2 s−1 across N level and
was upregulated by 23 and 11% from 0N treated to 100% N treated
leaves across species (Table 6). In addition to the biochemical lim-
itations to photosynthesis as a function of N, stomatal resistance
also reduced the rate of Amax below its potential. Stomatal limita-
tion, calculated as the difference in photosynthesis at ambient (400
CO2�L L−1) and intracellular CO2 concentrations, increased from
14 and 6% (0N treated plants) to 22 and 11% (100% N treated plants)
for carinata and canola, respectively. Carboxylation efficiency (CE),

the increase in photosynthetic rate per unit increase in CO2 at the
site of CO2 fixation, of carinata was  higher than canola at all levels
of N. The upper part of CO2 response curve from 300 �L L−1 and
higher is influenced by two  photosynthetic parameters. First, the
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he  mean of 4 measurements while bars represent the standard error of the means.

ate of regeneration of RuBP (Jmax) and second, the availability of
norganic phosphate in leaves (TPU). Nitrogen level increased the
ate of electron transport in carinata 23% more than canola. The Jmax

f 100% N treated leaves increased by 43 and 14% over 0N plants for
arinata and canola, respectively. The RuBP regeneration is limited
y the availability of inorganic phosphate arising from the failure

f triose phosphate utilization in the Calvin cycle under suboptimal
onditions.
Fig. 8. (a) Relationship between nitrogen nutrition and leaf N concentration (g kg−1).
(b)  Relationship between leaf N content (mg  g−1 dry leaf) and leaf area N content
(mg  cm−1 leaf area) 55 days after treatment.

4. Discussion

4.1. Growth and development

Plants were grown under non-limiting N conditions and then
transferred to varying levels of limited N supply 30 DAP, was a
successful approach to quantify growth, development and physio-
logical responses of oilseed brassicas to N deficiency. The cultivars
evaluated in this study were selected based on similarities in tem-
perature tolerance when grown as winter crops in the North Florida
region. Carinata does not have a lengthy repressed rosette stage
as canola and transitions earlier to bolting than canola. Follow-
ing bolting, carinata axillary buds form branches that grow rapidly
producing secondary and tertiary branching while only the upper
axillary buds form primary branches in canola.

Early season shoot development involves the production of
shoot apical meristem, leaves, nodes, internodes, axillary meris-
tems and branches that form the aerial architecture of the plant.
Limiting N during the early season reduced all plant growth and
development parameters, altering the aerial architecture of both
species in this study. Although both species have comparable sen-
sitivity to N deprivation, the morphology and phenology differed
which explains the intraspecific growth and development varia-
raceme and the number of seeds per silique produced by each plant
(Öztürk, 2010). Nutrient management strategies that promote high
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umbers of reproductive branches will enhance the productivity
f oilseed brassicas. Early season accumulation of leaf area not
nly enhances PAR interception and photosynthetic capacity of
ilseed brassicas, but also minimizes soil water loss through evapo-

ation and weed growth. Leaf area expansion rate increased linearly
ith N level for both species with canola producing 20.7 cm2 leaf

ay−1 more than carinata under optimum conditions (Fig. 2). Plants
equire an adequate supply of nutrients to maintain the leaf area
 total chlorophyll concentrations of (�g cm−2) of carinata and canola grown with 4
fter treatment. Each data point is the mean of 4 measurements while bars represent

and lower the root:shoot ratio resulting in maximized photosyn-
thetic capacity and reproductive fitness of the plant. Suboptimal
N availability reduced the leaf sizes and increased leaf senescence
and abscission as N is remobilized from older leaves to support new
growth and initiate reproductive tissue. The source capacity of crop
plants is determined primarily by the leaf area, leaf area duration,
rate of photosynthesis, respiration and amino acid synthesis, all of
which are influenced by N availability. As a result, extending the
early season leaf duration allows maximum photoassimilates to be
translocated to the developing seed during suboptimal conditions
(Papantoniou et al., 2013).

4.2. Biomass allocation

Changes in nutrient availability may  result in metabolic changes
in the leaves and stems with concomitant adjustments of assim-
ilate transport to the roots. Roots are heterotrophic organs that
accumulate biomass through translocation of assimilates from the
leaves. In N limited conditions, both species shift the allocation
of assimilates to the roots restricting shoot morphogenesis and
aboveground biomass accumulation. Reduction of root:shoot ratio
was mainly related to inhibition of stem development for cari-
nata and leaves for canola. Increasing biomass partitioning to the
roots under N deprivation may  be an adaptive mechanism for crop
plants to improve water and nutrient acquisition and to regulate the
transport and homeostasis of nutrients. This plasticity in manage-

ment of source/sink relationship confers the ability to withstand
suboptimal conditions of nutrient availability and ensure repro-
ductive success. Heteroblastic growth and development responses
to N availability did not modify the global biomass productivity
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ig. 11. Gas exchange processes, leaf photosynthesis net photosynthesis (�mol  CO
nd  chlorophyll b (�g cm−2), carotenoids (�g cm−2) and internal CO2 concentration
f  N in Hoagland solution) and measured at 55 days after treatment. Each data poin

f both species in this study. However, the intraspecific variation
n vegetative shoot morphogenesis responses that changes canopy
rchitecture and branching patterns may  offer agronomic advan-
ages of one species over the other.

.3. Leaf N, pigment concentration, SLA

In addition to tradeoff in biomass allocation between above and
elowground tissues, leaf anatomy is also modified under limiting
utrient availability (Knops and Reinhart, 2000). Greater SLA may

ndicate greater leaf thickness and density accountable for a larger
roportion of spongy mesophyll with increased intercellular air
paces that enhance light scattering and radiation capture. Across
pecies, a high SLA was associated with a high relative growth rate
Figs. 7 and 10). The variation in SLA with N may  play a role in
lant adaptation strategies to N deficient conditions by changing
iomass distribution patterns and opportunistic resource acquisi-
ion. Despite carinata having a greater SLA, it had no advantage over
anola with respect to total biomass productivity and gas exchange
uring the vegetative stage. However, morphological plasticity to

 may  influence the reproductive productivity as N is remobilized
rom leaf tissue to the developing seed.

.4. Gas exchange processes

Photosynthetic capacity in plants is related to plant architecture,

eaf anatomy and morphology. Sub-optimal N availability modified
erial architecture (canopy structure, leaf size and duration and
ertical distribution of leaves on the mainstem) for both species,
hus changing whole plant light interception which may  result
s−1), stomatal conductance (mmol CO2 m−2 s−1), transpiration (mmol CO2 m−2 s−1)
ol  CO2 m−2 s−1) of carinata and canola with 4 levels of nitrogen (0, 33, 66 and 100%
e mean of 4 measurements while bars represent the standard error of the means.

in lowered canopy photosynthesis and seed productivity in these
oilseed brassicas. Under well-watered conditions, Pan et al. (2011)
reported a similar trend in Pn for carinata, although the values were
many fold lower at high N levels. Unlike Pn, stomatal conductance
(Gs) and transpiration (Tr) differed across species and increased
with N supply from 0 to 66%N but declined to similar levels at
100%N (Fig. 11). These reductions in gas exchange processes when
N is limited not only decreased the whole plant photosynthetic
capacity but also altered source-sink distribution of photoassimi-
lates in oilseed brassicas similar to Jensen et al. (1996). In addition,
limiting N supply reduced leaf N and total chlorophyll concen-
trations and photosynthesis similar to sorghum (Sorghum bicolor
L.), castor (Ricinus communis L.), corn and soybean (Muchow and
Sinclair, 1994; Reddy and Matcha, 2010; Zhao et al., 2003). Higher
leaf N concentrations increases photosynthetic assimilation rate
by increasing the amount of ribulose-1,5-bisphosphate carboxy-
lase/oxygenase in the Calvin Cycle and in the electron transfer chain
in the thylakoids (Evans, 1989; Suresh et al., 1996). At higher N
rates, leaves accumulated more N per unit of mass which increased
the N concentration per unit area (Fig. 8) and SLA (Fig. 10). The
gain in leaf area may  have enhanced radiation capture resulting in
photosynthetic carbon gain and increased crop growth rate of both
species (Fig. 7). Modifications in canopy architecture in response
to nutritional deficiencies affect PAR capture and the production of
structures involved in sexual reproduction. Canopy photosynthesis
of canola may  be greater than carinata since canopy photosynthe-

sis is closely related to leaf area (Muller et al., 2005; Scott et al.,
1973). However, carinata better elevates its photosynthetic struc-
tures for more effective PAR capture at the vegetative stage than
canola. At this stage, canola has a dense rosette of leaves with



882 R. Seepaul et al. / Industrial Crops and Products 94 (2016) 872–883

(a) B.  carinata

-5

0

5

10

15

20

25

30

35

40
0N
33%N
66%N
100%N

(b) B.  napus

Photosyntheticall y active radiation (µmol m-2 s-1)

0 500 1000 15 00 2000

N
et

 p
ho

to
sy

nt
he

si
s 

(µ
m

ol
 C

O
2 

m
-2

 s-1
)

-5

0

5

10

15

20

25

30

35

Fig. 12. Net photosynthesis of carinata and canola as a function of photosyntheti-
cally active radiation for leaves grown at 4 levels of N (0, 33, 66 and 100% of N in
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Fig. 13. CO2 assimilation/internal CO2 (A/Ci) curves of carinata and canola leaves

require nutrient management strategies that time N application
oagland solution) and measured at 51 days after treatment. Each data point is the
ean of 4 measurements while bars represent the standard error of the means.

horter internodes and a higher proportion of shade leaves. Since
reater photoassimilate production is associated with increased
eed yield, N sufficiency during the vegetative phase will maximize
ield potential (Pan et al., 2011). The magnitude of PAR responses
nd photosynthetic parameters to N indicates that carinata is less
ensitive to changes in PAR under limited N conditions than canola.

.5. Leaf photosynthetic responses to PAR and Ci

Photosynthetically active radiation and Ci response curves
eveal the light-dependent and light-independent characteristics
f the photosynthetic process and the modulation of these charac-
eristics with changing environmental conditions. Under N limited
onditions, our results indicate that higher Vcmax, Jmax and CE in
arinata leaves did not confer higher photosynthetic rates relative
o canola, although the down regulation of photosynthesis was
reater in leaves with low N supply than those at higher N sup-
ly for both species. When N is non-limiting (100%), both species
ad similar photosynthetic rates regardless of differences in Vcmax,

max and CE. When CO2 is at ambient and supra-ambient concentra-
ions, the photosynthetic rates of carinata was more responsive to

 deficiency than canola. A reduction in CO2 concentration below
mbient (<400 CO2 �L L−1) lowers photosynthetic capacity and
alvin Cycle intermediates which affect the activity of Rubisco and

ther enzymes (Long and Bernacchi, 2003). Results from modelling
-Ci curves indicate leaves of canola reached maximum photosyn-

hetic rate at higher Ci than carinata across N rates (Fig. 13).
grown at 4 levels of N (0, 33, 66 and 100% of N in Hoagland solution) and measured
at  51 days after treatment. Each data point is the mean of 4 measurements while
bars  represent the standard error of the means.

5. Conclusions

These results demonstrated that N deficiency induces a series
of morphological changes in carinata and canola aerial architec-
ture inhibiting leaf and stem development. During the vegetative
growth phase, limiting N restricted plant height and number of
nodes and branching patterns, reduced leaf expansion and low-
ered photosynthetic capacity. Across N rates, carinata had greater
leaf N concentration and specific leaf area than canola. These dif-
ferences did not have an effect on the photosynthetic capacity
or total biomass accumulation of both species 55 DAT. Nitrogen
deprivation changed the biomass allocation patterns. Carinata had
a lower root:shoot ratio than canola across all levels of N sup-
ply resulting from the relative inhibition of stem development for
carinata and leaves for canola. Photosynthetically active radiation
curve responses to N supply indicates that carinata is less sensi-
tive to changes in PAR under limited N conditions than canola.
Similarly, at ambient and supra-ambient CO2 concentrations, the
photosynthetic rates of carinata was  less sensitive to N deficiency
than canola. Despite intraspecific morphological variation, carinata
and canola photosynthetic capacity and total biomass accumula-
tion were comparable across N rates. However, species-specific
resource partitioning responses to N limitations may  have impli-
cations for N use efficiency and recovery during reproductive
development when N is translocated from the leaves to the repro-
ductive structures. Increasing oilseed brassica productivity will
with critical phenostages corresponding to maximum N uptake to
extend pre-bolting leaf area duration and avert yield-deleterious
resource reallocation among plant organs.
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