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A B S T R A C T

Rose plants that are flush harvested exhibit episodic growth patterns. During these crop cycles little

biomass accumulation occurs immediately following harvest; and as new shoots emerge a period of rapid

shoot growth and biomass accumulation occurs. The temporal changes in whole-plant nutrient and

carbohydrate distribution during these crop cycles and the role of storage in new shoot growth are not

well documented. The objective of this project was to quantify N, P, K, and total non-structural

carbohydrates (TNC) distribution in roots, base stems, base leaves, and new shoots during crop cycles in

response to light availability. Plants were grown in solution culture under high or low light (mean daily

light integral 45.3 or 13.1 mol m�2 d�1, respectively) during 30–35 day crop cycles. Every five days

destructive sampling was used to determine biomass and N, P, K, and TNC concentration of rose plant

compartments. N and TNC accumulated in base plant compartments during the first ten days of the crop

cycles. N, P, K, and TNC in base plant compartments declined during days 10–25 during a crop cycle

concurrent with the rapid growth of flower shoots. N, P, and K storage in base plant parts represents 27,

22, and 24% of the potential N, P, and K required by flower shoots under high light; and 19, 21, and 22% of

requirements under low light. TNC storage in base plant parts represents 4–10% of the final biomass of

flower shoots. Mobilization of N, P, K, and TNC stored from base plant parts appears to be important

during the stage of rapid flower shoot growth when absorption by roots or photosynthesis by shoots was

insufficient to meet flower shoot demands. Plant carbohydrate status was improved under high light

conditions; storage of N and TNC declined under low light.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The storage of nutrients and carbohydrates in perennial plant
organs and mobilization to support growth of new organs are
important factors in the growth and nutrient utilization of woody
(Deng et al., 1989; Rosecrance et al., 1998; Weinbaum and Van
Kessel, 1998; Zilkah et al., 2000; Mohadjer et al., 2001; Wong et al.,
2003; Salaün et al., 2005) and herbaceous species (Millard, 1988;
Kavanová and Gloser, 2005; Zotz and Richter, 2006). Storage is
defined as the build-up of resources in a plant which can
subsequently be redistributed to support growth or other plant
functions (Chapin et al., 1990). Several roles of nutrient and
carbohydrate storage have been reported (Chapin et al., 1990): to
accumulate reserves to support a reproductive event (Rosecrance
et al., 1998; Zotz and Richter, 2006), to support new plant growth
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early in a growing season when soil or carbohydrate resources may
be scarce (Deng et al., 1989; Weinbaum and Van Kessel, 1998;
Zilkah et al., 2000; Salaün et al., 2005), to support new growth
following defoliation in grasses (Kavanová and Gloser, 2005), and
to aid in the winter survival of temperate tree species (Wong et al.,
2003; Sivaci, 2006).

Many woody plants are reported to have episodic growth in
which periods of rapid growth are followed by a lag stage where little
stem elongation occurs (Hershey and Paul, 1983; Kuehny and
Halbrooks, 1993; Thaler and Pages, 1996; Schoene and Yeager,
2006). The general pattern of carbohydrate allocation in these plants
is transport of carbohydrate upward to new leaves during a flush of
growth, and movement of carbohydrate to stems and roots during
the lag phase (Friend et al., 1994). A similar phenomenon occurs in
greenhouse cut flower roses (Rosa spp.), which are often externally
manipulated so that they produce flushes of harvestable flower
shoots in time for particular holidays. Crop cycles are initiated by
forcing new buds by breaking apical dominance through harvesting
of flowers, cutting back, or bending existing flower shoots.

mailto:nsm47@cornell.edu
http://www.sciencedirect.com/science/journal/03044238
http://dx.doi.org/10.1016/j.scienta.2008.06.009


Table 1
Stages of development of new flower shoots in days from cycle initiation (harvest of

a previous cycle’s flower shoots) for ‘Kardinal’ rose plants grown under high or low

light

Developmental stage Days from cycle initiation

High light

crop cycle

Low light

crop cycle

Harvest of previous cycle’s flower shoots 0 0

Bud break (buds 1 cm long) 7 8

Unfolding of first leaf on flower shoot 12 14

Visible flower bud 16 19

Unfolding of last leaf on flower shoot 20 23

Harvest (sepals reflexed from flower bud) 30 35

Plants were grown under high or low light (mean daily light integral 45.3 and

13.1 mol m�2 d�1, respectively). Data represent the mean of all flower shoots on the

five plants harvested at day 30 (high light) and day 35 (low light).
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Seasonal patterns of carbohydrate and nitrogen distribution in
roses have been investigated previously (Zieslin et al., 1975; Kool
et al., 1996, 1997; Roca et al., 2005). External manipulation of roses
plants by pruning or harvesting flower shoots affects tissue total
non-structural carbohydrate (TNC) concentration. For example,
stem TNC concentration declined by half as a new flush of rose
flower shoot growth began, suggesting that stored carbohydrates
were used in a subsequent crop cycle (Kool et al., 1996). However,
the storage potential in base leaves and roots was not reported.
Although the above experiments have reported carbohydrate
distribution in rose plants across season or for stem tissue during a
crop cycle, we are not aware of previous research quantifying the
TNC concentration of all rose plant parts over time during a crop
cycle.

While understanding TNC dynamics is important for managing
growth, understanding the dynamics of nutrient use is important
for managing fertilizer use efficiency. Tissue nitrogen concentra-
tion in roses varies seasonally; greatest concentrations are
reported during the months with the least available light (Cabrera,
2000; Roca et al., 2005). Rose plants that are flush harvested exhibit
cyclical patterns of NO3

�, H2PO4
�, K+, Ca2+ and Mg2+ absorption

that are related to the crop cycle (Cabrera et al., 1995a). Plants
generally have decreased nutrient uptake rates immediately
following a harvest (initiation of a new cycle) and minimum
absorption rates are reached as new flower shoots begin to
elongate rapidly. This is followed by increased uptake rates until
flower shoots reach commercial maturity (Cabrera et al., 1995a).
Nitrogen mobilized from roots, old stems, and old leaves has been
reported to supply 70–80% of the N required by new flower shoots
during rapid flower shoot elongation, when root N absorption was
insufficient to supply shoot demands (Cabrera et al., 1995b). No
information is available on storage and mobilization of other
phloem-mobile macronutrients during rose crop cycles.

In many geographic locations where roses are produced there
are large seasonal variations in daily light integral (Post and
Howland, 1946; Cabrera et al., 1995a). Light levels influence
several aspects of rose plant physiology including: the sink
strength of rose flower shoots (Mor and Halevy, 1980), assimilate
supply (Van Labeke et al., 2000, 2001; Roca et al., 2005), yield and
quality (Post and Howland, 1946; Bredmose, 1993), and energy
available for nitrate assimilation (Bougoul et al., 2000). Little
information is currently available on the influence of light level on
whole-plant nutrient and TNC distribution during cycles of flower
shoot production.

The aim of this study was to quantify temporal changes in the
distribution of nutrient and carbohydrate distribution in whole
rose plants in response to light availability.

2. Materials and methods

2.1. Experiment 1—sequential harvest experiment under high light

One-year old ‘Kardinal’ rose plants on ‘Natal Briar’ rootstock were
established in solution culture in 8 L containers and trimmed back to
achieve uniformity with respect to plant growth stage and fresh
weight (FW) by removing all flower shoots and limiting the number
of main branches to five per plant. The nutrient solution contained:
0.5 mM NH4H2PO4, 3 mM KNO3, 2 mM Ca(NO3)2, 1 mM MgSO4,
0.018 mM Fe as Fe–DTPA, and Hoagland’s micronutrient concentra-
tion (Hoagland and Arnon, 1950). The solution was kept aerated by
continuously bubbling air into the solution. The establishment
period took place in a greenhouse from 22 Jun. to 20 Jul. 2005. A data
logger was used to record average temperature and instantaneous
PAR (LI-190 Quantum Sensor, LI-COR Environmental, Lincoln,
Nebraska, USA) every 10 min. During the establishment period,
mean daily temperature (MDT) was 23.4 8C and mean daily light
integral (MDLI) was 29.1 mol m�2 d�1. Two days prior to initiation of
the experiment, 35 plants were randomly sorted into seven groups
of five plants. Plants were placed in a controlled environment
chamber with an 18 h photoperiod and MDLI 45.3 mol m�2 d�1. The
irradiance was from a combination of metal halide and fluorescent
lamps. Temperature was 27 8C during the daytime and 20 8C during
the nighttime resulting in a MDT 25 8C. Under these conditions the
crop cycle length was 30 days. The flower shoots on plants were
observed every 2–3 days to record the date of occurrence of various
developmental events, as defined by Pasian and Lieth (1996)
(Table 1).

At experiment initiation on 22 Jul. 2005 (day 0) plants were
trimmed by cutting back existing flower shoots to the second five-
leaflet leaf on the lower part of the flower stem. The nutrient
solution was replaced every 5 days; each time, the pH and EC were
recorded just prior to and after solution replacement to ensure
suitable solution conditions. Every 5 days during one crop cycle (30
days), a group of five plants was selected for destructive harvest.
Leaf surface area of old leaves and new flower shoots was
estimated from leaf length, following the method described by
Silberbush and Lieth (2004). Plants were then separated into the
following categories: roots (including coarse and fine roots), flower
shoots which emerged following cycle initiation, and the base
which represents all stem and leaf material present on the plant
except for flower shoots. Flower shoots were further separated into
stems and flowers (‘‘shoot stems and flowers’’) and leaves (‘‘shoot
leaves’’). When the flower shoot as a whole is referred to in this
paper it is denoted as ‘‘flower shoot’’ or ‘‘shoot combined’’. The base
was further separated into stems (‘‘base stems’’) and leaves (‘‘base
leaves’’). The samples were dried in an oven at 70 8C for five days
and weighed.

2.2. Experiment 2—sequential harvest experiment under low light

For the cycle under ‘‘low light’’ the methods were as before,
with the following modifications. The establishment period
took place in a greenhouse from 19 October to 16 November
2005. The MDT was 20.0 8C and MDLI was 8.7 mol m�2 d�1. Two
days prior to experiment initiation plants were moved to a
controlled environment chamber set to a 14 h photoperiod and
MDLI 13.1 mol m�2 d�1. MDT was 24 8C (day time 27 8C, night time
20 8C). One-year old plants from a pool of available plants different
from experiment 1 were selected. To control for plant-to-plant
variation, plants were grouped into five size classes based on fresh
weight prior to the experiment. One plant from each size class was
randomly selected for each of eight groups of five plants. At the
experiment initiation on 18 November 2005 (day 0) plants were
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trimmed by cutting back existing flower shoots to the second five-
leaflet leaf on the lower part of the flower stem. As in experiment 1,
every 5 days nutrient solution samples were taken to ensure
suitable pH and EC values, solutions were replaced, and one group
of five plants was selected for destructive harvest. The experiment
was carried out during the crop cycle length of 35 days.

2.3. Nutrient and total non-structural carbohydrate analysis

For both experiments, representative sub-samples of each plant
dry matter sample were ground to pass through a 40-mesh screen.
Nutrient concentrations were determined as follows: total
nitrogen using an induction furnace and thermal conductivity
detector (AOAC International, 1997); total phosphorus using nitric
acid/hydrogen peroxide microwave digestion (Sah and Miller,
1992) followed by atomic absorption spectrometry; and potassium
via 2% acetic acid extraction (Johnson and Ulrich, 1959) followed
by atomic emission spectrometry. Fructose, glucose, and sucrose
concentrations were determined via hot water extraction and
detection with HPLC (Johansen et al., 1996). Starch concentration
was determined via enzymatic hydrolysis with amyloglucosidase
and subsequent determination of glucose.

When the nutrient or TNC concentration of a plant compart-
ment varied significantly over time, the functional storage pool
(F, mg) of each compartment was estimated as in Eq. (1):

F ¼maxðCÞM �minðCÞM (1)

where C represents the average N, P, K or TNC concentration
(mg g�1) of the five plants at a given time point in the cycle and M

the mean dry mass (g) of plant compartment (roots, base stems, or
base leaves) across the entire crop cycle. So that F would represent
nutrients that could potentially be mobilized to new flower shoots,
we imposed the constraint that maximum and minimum C must
occur during the stage of the crop cycle when new flower shoots
had emerged on the plant and were accumulating nutrients.
Further, we imposed the constraint that the stage of minimum C

must be preceded by max C so that nutrient mobilization away
from the base/roots was occurring rather than their accumulation
Table 2
Temporal changes in dry matter (g) of compartments of ‘Kardinal’ rose plants during a

harvest of a new cycle’s shoots (day 30 or day 35)

Plants were grown under high or low light (mean daily light integral 45.3 and 13.1 mo
zLetters within a column denote mean separation comparisons across days for each cycle
in these parts. So that comparisons of storage could be made across
compartments of varying dry mass, storage was also calculated in
terms of F per g of compartment M (FM, mg g�1) as in eq. (2):

FM ¼ ½maxðCÞ �minðCÞ� (2)

Finally, the percent contribution that storage in a compartment
could provide in terms of final flower shoot N, P, or K content (F%, %)
was calculated as in eq. (3):

F% ¼
F

Cts
� 100 (3)

where Cts (mg) represents the final N, P, K, or TNC content in flower
shoots.

3. Statistical analysis

All statistical analyses were conducted with Statistical Analysis
System (SAS). Analysis of Variance tests (SAS Proc GLM) were
conducted to identify differences in the measured parameters
across time, plant compartment, and light level. When significant
differences were found across time, Tukey’s Honestly Significant
Difference method was used to conduct pairwise comparisons.

4. Results

Flower shoot development proceeded slightly slower during
the low light experiment than in the high light experiment
(Table 1). The dry mass of the base plant parts (roots, base stems
and base leaves) did not change temporally during either crop
cycle (Table 2). There was large plant-to-plant variation in dry
mass, particularly during the low light crop cycle, when harvest
groups comprised five different size classes. Thus, it was not
possible to detect small dry mass changes in these plants over time
using destructive sampling. The dry mass of flower shoots (shoot
stems and flower buds, and shoot leaves) changed substantially
over the crop cycle (Table 2).

Leaf surface area of base leaves did not differ over time during
the high light crop cycle (Table 3). However, under low light; base
leaf area declined between days 0 and five, remained stable until
crop cycle, beginning from harvest of a previous cycle’s flower shoots (day 0) unti

l m�2 d�1, respectively). Data are means � S.E. of five plants.

and compartment utilizing Tukey’s HSD (P = 0.05).
l



Table 3
Temporal changes in leaf surface area (cm2) and specific leaf area (SLA, m2 kg�1) of ‘Kardinal’ rose plants during a crop cycle, beginning from harvest of a previous cycle’s

flower shoots (day 0) until harvest of a new cycle’s shoots

Cycle Days into crop cycle Base leaf surface area Shoot leaf surface area Base SLA Shoot SLA

High light 0 2875 � 142 az 4506 � 271 a 13.9 � 0.59 a 15.5 � 0.49 a

5 2118 � 127 a – 11.8 � 0.62 a –

10 2234 � 152 a 30 � 10 d 11.4 � 0.49 a –

15 2672 � 154 a 809 � 143 cd 12.4 � 0.17 a –

20 2390 � 408 a 1790 � 479 bc 12.9 � 0.70 a 10.9 � 1.30 b

25 2088 � 287 a 3084 � 400 ab 15.5 � 1.87 a 13.2 � 1.55 ab

30 2479 � 280 a 2550 � 326 b 13.1 � 1.83 a 9.5 � 0.13 b

P-value 0.232 <0.001 0.195 0.005

Low light 0 1430 � 85 a 2341 � 266 ab 21.4 � 1.52 ab 18.8 � 0.70 bc

5 903 � 105 b – 16.9 � 0.93 ab –

10 955 � 76 ab 15 � 8 d 16.3 � 0.80 ab –

15 786 � 177 b 588 � 29 cd 15.3 � 3.33 b 17.9 � 0.90 c

20 984 � 101 ab 918 � 63 c 17.6 � 0.30 ab 19.8 � 0.43 bc

25 1019 � 94 ab 1988 � 192 b 19.8 � 0.35 ab 23.2 � 0.89 a

30 1163 � 98 ab 2555 � 138 ab 23.0 � 1.69 a 23.3 � 0.46 a

35 1399 � 75 a 2833 � 187 a 21.8 � 0.31 ab 21.6 � 0.62 ab

P-value 0.001 <0.001 0.005 <0.001

Shoot leaves are from flower shoots that emerged following day 0, while base leaves are those attached to older parts of the plant. Plants were grown under high or low light

(mean daily light integral 45.3 and 13.1 mol m�2 d�1, respectively). Data are means � S.E. of five plants.
z Letters within a column denote mean separation comparisons across days for each cycle and compartment utilizing Tukey’s HSD (P = 0.05).

Table 4
Three-way ANOVA on the effects of light treatment, time, and plant compartment

on the nitrogen, potassium, phosphorus, and total-nonstructural carbohydrate

concentrations in ‘Kardinal’ rose plants

Nutrient Factor d.f. F P-value

Nitrogen Light treatment (L) 1 247.5 <0.001

Time (T) 7 26.0 <0.001

Plant compartment (P)z 3 841.6 <0.001

L � T 6 2.85 0.011

L � P 3 46.5 <0.001

T � P 20 12.0 <0.001

L � T � P 17 2.31 0.003

Phosphorus Cycle 1 18.6 <0.001

Time 7 2.43 0.020

Plant compartment 3 95.6 <0.001

C � T 6 3.17 0.0053

C � P 3 96.8 <0.001

T � P 20 3.41 <0.001

C � T � P 17 3.14 <0.001

Potassium Light treatment (L) 1 133.2 <0.001

Time (T) 7 5.23 <0.001

Plant compartment (P)z 3 682.1 <0.001

L � T 6 5.43 <0.001

L � P 3 40.3 <0.001

T � P 20 2.87 <0.001

L � T � P 17 2.01 0.012

Total non-structural

carbohydrate

Light treatment (L) 1 87.5 <0.001

Time (T) 7 9.67 <0.001

Plant compartment (P)z 3 664.3 <0.001

L � T 6 5.96 <0.001

L � P 3 36.2 <0.001

T � P 20 16.7 <0.001

L � T � P 17 3.20 <0.001

z Only plant compartments that were present at all harvest dates (i.e. flower

shoots excluded) and harvest dates present at both cycles were considered.
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day 15, and then until day 35. By the end of the crop cycle, flower
shoot specific leaf area was significantly greater under low light
than under high light.

4.1. Nutrient and TNC concentration

Tissue N, P, K, and TNC concentrations of roots, base stems, and
base leaves differed by light treatment (high light crop cycle versus
low light crop cycle), time within the crop cycles, and plant
compartment (Table 4). The interaction terms between the three
factors (light, time, plant compartment) were also significant,
demonstrating that a compartment’s concentration response
during the crop cycle differed with light level and that this
response differed by compartment type.

Under high light, the N concentration of roots, base stems and
base leaves increased between days 0 to 5 for roots and base stems,
and days 0–15 for base leaves (Fig. 1). Following the initial increase
in N concentration, there was a decline in N concentration
coinciding with the appearance and growth of new flower shoots.
There was an increase in N concentration of roots later in the crop
cycle as new flower shoots reached maturity (Fig. 1). Under low
light, base stems and base leaves increased in N concentration
following a previous harvest, but roots did not. There was a decline
in the N concentration between days 10–20 for roots (as detected
by ANOVA, but not by mean separation), days 10–25 for base
stems, and days 15–25 for base leaves. The nitrogen concentration
of base leaves and shoot leaves was greater under low light versus
high light, while other compartments showed only minor
differences. Combined shoot N concentration decreased between
days 10 and 30 in the experiment under high light and between
days 10 and 35 under low light (Fig. 1).

Under high light, the P concentration of roots declined between
days 0 and 10, and did not differ significantly the rest of the crop
cycle (Fig. 2). The P concentration of base stems did not change
over a crop cycle and averaged 0.4%. The P concentration of base
leaves declined between days 5 to 20, then remained constant until
day 30. Under low light, root P concentration did not vary and
averaged 0.5%. The P concentration of flower shoots was greatest
early in development and declined during the rest of the crop
cycles under high light or low light. The P concentrations of base
stems, base leaves, and shoot leaves were greater under low light
than high light.
Under high light, the K concentration of base stems and base
leaves declined between days 0 and 20 (Fig. 3). The K concentration
of roots increased between days 15 to 25. The K concentration of
flower shoots did not differ over the crop cycle and averaged 1.9%.
Under low light, the K concentration of roots did not differ over the
crop cycle. The K concentration of base stems under low light
declined between days 5 and 20, then remained stable the rest of
the crop cycle. There was some evidence of a decline in the K
concentration of base leaves between days 10 and 20; and there



Fig. 1. Temporal changes in nitrogen concentration (in %, g N g�1 dry weight � 100)

of different compartments of ‘Kardinal’ roses grown under high or low light (mean

daily light integral 45.3 and 13.1 mol m�2 d�1, respectively). Data are means � S.E.

of five plants. An asterisk after a compartment label indicates significance in ANOVA

across days (*P < 0.05, **P < 0.01, ***P < 0.001). Bars with the same letter are not

significantly different based on Tukey’s HSD test (P = 0.05).

Fig. 2. Temporal changes in phosphorus concentration (in %, g P g�1 dry

weight � 100) of different compartments of ‘Kardinal’ roses grown under high or

low light (mean daily light integral 45.3 and 13.1 mol m�2 d�1, respectively). Data

are means � S.E. of five plants. An asterisk after a compartment label indicates

significance in ANOVA across days (*P < 0.05, **P < 0.01, ***P < 0.001). Bars with the

same letter are not significantly different based on Tukey’s HSD test (P = 0.05).
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was an abrupt increase in K concentration between days 25 and 30.
The K concentration of flower shoots under low light was greatest
when they first emerged on the plant around day 10, then declined
between days 15 to 20, and remained stable during the rest of the
crop cycle. The K concentrations of roots, base leaves, and shoot
leaves were greater under low light than high light.

Base stems and, to a moderate extent, base leaves under high
light increased in carbohydrate concentration following the
initiation of a new crop cycle at day 0 (Fig. 4). Following the
increase in TNC concentration, there was a rapid decline in TNC
coinciding with the emergence and growth of new flowers. For
example, the TNC concentration of base stems declined from 77 to
30 mg g�1 between days 10 and 20, and the TNC concentration of
base leaves declined from 276 to 110 mg g�1 between days 5 and
15 (Fig. 4). During the high light crop cycle, flower shoots had the
lowest TNC when they first appeared at day 10; the concentration
then increased to day 20, where it remained stable for the rest of
the crop cycle. Under low light, only base leaves accumulated TNC
early in the crop cycle (Fig. 4). The TNC concentration of roots
dropped by half during days 0–15, then remained relatively stable
until the last 5 days of the crop cycle when the concentration
increased. Flower shoots had the lowest TNC concentration when
they first appeared at day 10. Flower shoot TNC concentration then
increased rapidly until day 15 and then remained stable during the
rest of the crop cycle (Fig. 4).

4.2. TNC content

Under high light, the TNC content of base stems nearly doubled
between days 0 and 10, and then declined by more than half
between days 10 and 25 (Fig. 5). Base leaves showed a similar
pattern of decline as TNC decreased between days 5 and 15. The
most dramatic declines for both compartments occurred between
days 10 and 15 when TNC content dropped by half in 5 days.
During the latter half of the crop cycle, base leaves accumulated
TNC, so that content at day 30 was equal that at day 0. Under low
light, base leaves accumulated TNC early in a crop cycle (Fig. 5).
TNC content declined dramatically between days 10 and 15. There
was evidence that base stem TNC content also declined during days
10 and 25 (Fig. 5).



Fig. 3. Temporal changes in potassium concentration (in %, g K g�1 dry

weight � 100) of different compartments of ‘Kardinal’ roses grown under high or

low light (mean daily light integral 45.3 and 13.1 mol m�2 d�1, respectively). Data

are means � S.E. of five plants. An asterisk after a compartment label indicates

significance in ANOVA across days (*P < 0.05, **P < 0.01, ***P < 0.001). Bars with the

same letter are not significantly different based on Tukey’s HSD test (P = 0.05).

Fig. 4. Temporal changes in total non-structural carbohydrates concentration

(mg g�1) of different compartments of ‘Kardinal’ roses grown under high or low

light (mean daily light integral 45.3 and 13.1 mol m�2 d�1, respectively). Data are

means � S.E. of five plants. An asterisk after a compartment label indicates significance

in ANOVA across days (*P < 0.05, **P < 0.01, ***P < 0.001). Bars with the same letter

are not significantly different based on Tukey’s HSD test (P = 0.05).
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4.3. Nutrient and TNC functional storage pools

Under high light, the N functional storage pool (F) was
estimated to be 332 mg (Table 5). Of this, base stems and base
leaves were the primary contributing compartments. On a per g
tissue basis (FM), roots stored the most N followed by leaves and
base stems. The N stored in base compartments represented 27% of
final flower shoot N content (F%). In the low light experiment, the N
F was estimated to be 125 mg, representing 19% of the N content in
flower shoots at harvest (Table 5). Under low light, the most
important storage organ was base stems.

The P F was estimated to be 31 mg under high light representing
22% of the P content present in flower shoots at harvest (Table 5).
Roots did not contribute to the P storage pool under either light
regime. Under low light, the P F was 18 mg representing 21% of the
P in flower shoots (Table 5). Thus, under either light regime a
similar F% was found. Under high light, base leaves were the largest
storage compartment, while under low light base stems were the
primary contributing compartment.

The K F% was similar under either light regime (Table 5);
representing 24% of final shoot K content under high light and 22%
under low light. Base stems were the largest storage compartment
under high and low light. Roots did not contribute to K F under low
light.

Under high light, the TNC F was estimated to be 5400 mg per
plant (Table 5). Base leaves contributed slightly more to storage
than did base stems. Roots did not contribute to TNC F under either
light regime. Under low light, the TNC F was estimated to be
885 mg per plant. Base leaves were the largest contributor to F. On
a per g dry tissue basis (FM), there was reduced TNC storage in the
low light experiment as compared to the high light experiment.
The combined compartment FM was 74 mg g�1 versus 23 mg g�1

under high and low light, respectively.

5. Discussion

5.1. Patterns of TNC, N, P, and K distribution

The general pattern of nutrient and TNC distribution observed
in this experiment is that of accumulation of nutrients/TNC in
specific compartments early in a crop cycle; followed by a decline
of these nutrients coinciding with the appearance and rapid



Fig. 5. Temporal changes in total non-structural carbohydrates content of different

compartments of ‘Kardinal’ roses grown under high or low light (mean daily light

integral 45.3 and 13.1 mol m�2 d�1, respectively). Data are means � S.E. of five

plants.
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growth of new flower shoots (Figs. 1–4). This pattern demonstrates
the importance of nutrient uptake and carbohydrate accumulation
during the early stages of a crop cycle in supporting a new flush of
flower shoot growth. The cyclical pattern of N accumulation and
Table 5
Estimated nitrogen (N), phosphorus (P), potassium (K), and total non-structural carbohy

contribution to final flower shoot N, P, and K content (F%) of compartments of ‘Kardin

13.1 mol m�2 d�1, respectively)

Nutrient Plant compartment High light exp

F (mg)

Nitrogen Roots 101

Base stems 115

Base leaves 116

Combinedy 332

Phosphorus Roots 0

Base stems 12

Base leaves 19

Combined 31

Potassium Roots 29

Base stems 101

Base leaves 77

Combined 207

Total non-structural carbohydrates Roots 0

Base stems 2317

Base leaves 3126

Combined 5443

The values were calculated as described in Eqs. (1)–(3).
y Data pooled for roots, base stems, and base leaves.
z Cannot be calculated because TNC provided from base plant parts to flower shoots d
decline matches that observed by Cabrera et al. (1995b). With
respect to the flower shoots, two temporal patterns were evident:
1) a decrease in tissue nutrient concentration as new shoots
developed; and 2) a rapid increase in shoot TNC concentration
during the first 5–10 days of shoot growth. The K, P, and TNC
distribution of whole rose plants throughout a crop cycle have not
been previously reported. The TNC allocation pattern matches that
described for cyclic plants by Friend et al. (1994) and mirrors the
seasonal pattern observed for nutrient storage and mobilization in
deciduous woody plants (Rosecrance et al., 1998; Wong et al.,
2003; Salaün et al., 2005; Sivaci, 2006).

We found that tissue nutrient concentration increased with
decreased MDLI, with the exception of P in roots. Corresponding
with our results, increased N concentrations in above-ground
compartments of roses were reported during seasons of the year
with decreased light (Carlson and Bergman, 1966; Cabrera, 2000;
Roca et al., 2005).

5.2. Functional storage pools

Storage pool size is most relevant when reported as the fraction
of future growth that stored reserves represent (Chapin et al.,
1990), which we represent as F%. We estimated the F% of rose base
plant parts as 19–28% of the N, P, and K required by new flower
shoots (Table 5). Our research did not directly track movement of
nutrients through the plant (through the use of isotopes, etc.),
further our calculations are based on mean dry mass of all plants
over the crop cycle. Therefore, the calculations represent a rough
estimate of the potential supply of nutrients available for new
flower shoot growth. Using the data of Cabrera et al. (1995b), N
storage and remobilization was estimated to provide 40% of total
flower shoot needs for ‘Royalty’ roses. The disparity may be due to
cultivar, environmental, or fertilizer application differences. Most
information on storage dynamics is available for annual repro-
ductive events rather than recurring flushes. For example, N
absorbed during the previous year and stored over winter in roots
and base stems provided 49% of the shoot N at flowering for the
shrub Ligustrum ovalifolium (Salaün et al., 2005). Storage in
vegetative compartments of the bromeliad Werauhia sanguinolenta
drates functional storage pools (F), F per g compartment dry mass (FM), and percent

al’ rose plants grown under high or low light (mean daily light integral 45.3 and

eriment Low light experiment

FM (mg g�1) F% (%) F (mg) FM (mg g�1) F% (%)

8.9 8.3 14 5.4 2.1

2.6 9.5 88 2.9 13.2

6.2 9.5 23 4.0 3.4

4.5 27.3 125 3.3 18.7

0.0 0.0 0 0.0 0.0

0.3 8.4 13 0.4 15.3

1.0 13.3 5 0.9 5.9

0.4 21.7 18 0.5 21.2

2.6 3.3 0 0.0 0.0

2.3 11.5 81 2.7 18.3

4.1 8.8 15 2.6 3.4

2.8 23.5 96 2.5 21.7

0.0 –z 0 0.0 –

52.8 – 390 13.0 –

165.8 – 495 86.5 –

73.5 – 885 23.1 –

uring the crop cycle may be converted to other C forms such as structural biomass.
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represented 13, 52, 93, 99, and 126% of the N, P, K S, and Mg
requirements of reproductive structures (Zotz and Richter, 2006).

The reduced importance of base leaf storage of N and K under
low light can be partially attributed to the decrease in the
proportion of plant biomass as base leaves under low light as
compared to the high light experiment (1:5 g leaf:g base stem for
plants in the low light experiment; 1:2 g leaf:g base stem for plants
in the high light experiment). Also, base leaves and shoot leaves
exhibited a greater SLA under low light than high light, suggesting
that plants had acclimated to lower light by a decreased allocation
of biomass per unit leaf surface area.

TNC storage in base plant parts represents 4% and 10% of the
final biomass of flower shoots under low and high light,
respectively [calculated from F (Table 5), and combined shoot
dry mass (Table 2)]. Mobilization of stored TNC appears to be
particularly important during early flower shoot growth (days 10–
20 for high light and 10–25 for low light) when leaves were still
unfolding on flower shoots. As there were few unfolded leaves on
flower shoots at day 15, we believe that little biomass gain came
from flower shoot photosynthesis during this stage. Studies with
radioactive carbon have demonstrated the sink strength of
developing rose flower shoots (Mor and Halevy, 1979, 1980; Jiao
et al., 1989). These studies have found that early flower shoot
growth is largely dependent on assimilates provided by base
tissues, but later in the crop cycle a flower shoot is able to supply
most of its own C needs and even exports some C to the base of the
plant.

The FM of the N and TNC decreased under low light availability
(Table 5). The size of storage pools depends on nutrient
accumulation and nutrient demand. The reduction in storage pool
size may be due to reduced growth rates and hence reduced
nutrient demand; or it may be due to a decline in the accumulation
of N and TNC as nitrogen assimilation and photosynthesis are
energy/light-dependent processes. Nitrate uptake in roses is
reported to be highly dependent on irradiance (Cabrera et al.,
1995a; Bougoul et al., 2000). Mor and Halevy (1980) reported that
covering the tips of rose flower shoots to decrease their light
exposure decreased their sink strength. They found that the
amount of 14C exported from a source leaf to shaded shoot tips was
less than half as much as in unshaded shoots.

Chapin et al. (1990) characterizes three classes of storage:
accumulation, reserve formation, and recycling. The increase in
TNC, N, P, and K concentrations in base plant parts occurred
primarily early in a crop cycle when biomass was stable and there
was little growth of new flower shoots (lag phase). Hence, the
storage pools in our experiment can be attributed primarily to the
‘‘accumulation’’ class of storage, which is storage that occurs not at
the expense of growth (supply exceeds demand).

5.3. Implications for production management

Management practices in the production of episodic plants
should seek to optimize nutrient and light availability even prior to
the appearance of new flower shoots as nutrient absorption and C-
fixation during this time period replenishes storage needed to
support new shoot growth. Higher irradiance is well correlated to
an increased rose flower shoot yield (Post and Howland, 1946;
Bredmose, 1993). However, it may also be possible to improve
plant carbohydrate storage by manipulating plant production
practices. For example, flush harvesting of roses stimulates
sprouting of several buds at the same time, all of which compete
for the assimilate pool (Marcelis-Van Acker, 1994; Kool et al.,
1997). An alternative cropping method is continuous harvesting,
whereby flower shoots of differing developmental stages are
present on a plant; and therefore there is reduced demand on the
carbohydrate storage pool at any one time. Continually harvested
roses had increased yields as opposed to flush harvested plants
(Kool et al., 1997). The practice of bending weak flower shoots
toward the aisle to increase leaf surface area available for
photosynthesis can also improve supply of TNC to developing
flower shoots provided that aged/unproductive bent shoots are
removed (Calatayud et al., 2007). Based on the results of our
experiment, it is speculated that bent shoots also improve nutrient
and carbohydrate supply to new shoots as this practice increases
the amount of base plant biomass available for storage and
remobilization. More experimentation is required to determine the
potential maximum size of storage pools by manipulating supply
to base plant tissues or by adjusting demand for these nutrients by
manipulating flower shoot growth.

6. Conclusion

Although several researchers have reported N, P, K and TNC
distribution in rose plants, these experiments have compared
concentrations across growing seasons or in a limited number of
plant organs over time. This experiment presents values of N, P, K,
and TNC distribution in whole rose plants (roots, stems, leaves,
flower shoots) across a crop cycle when managed with flush
harvesting. N, P, and K storage in base plant parts of roses was
estimated to provide 19–27%, 21–22%, and 22–24%, respectively, of
the amounts required in new flower shoots. TNC storage in base
plant parts contributed 4–10% of the final biomass of flower shoots.
TNC storage and mobilization was particularly important during
the first 10 days of flower shoot growth when new leaves were still
unfolding on flower shoots. The potential N and TNC from storage
declined under conditions of low light availability; suggesting that
reduced accumulation of these resources may limit subsequent
growth.
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