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Effects of NH4:NO3:urea ratio on cut roses yield, leaf nutrients content and
proton efflux by roots in closed hydroponic system
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A B S T R A C T

The effects of the NH4:NO3 ratio in replenishment solution on Rosa L. flower yield and the impact of NH4

substitution by urea on plant performance and on solution EC and pH have not been studied previously

in closed (no leaching) hydroponic systems. A greenhouse experiment with six NH4:NO3:urea ratios

(0:100:0, 12:88:0, 25:75:0, 50:50:0, 100:0:0 and 0:50:50) and two harvest cycles (winter and spring)

was carried out to investigate these relationships. In winter, total and >40 cm cut flower yields were

maximal in treatment 25:75:0. At lower NH4 percentages (12.5:87.5:0 and 0:100:0), growth container

solution pH varied between 7.8 and 8.5, reducing P, Ca and Mn concentration in leaves and increasing dry

matter allocated to them. At higher NH4 percentages, Ca uptake was inhibited, solution pH reached 3,

and %P in leaves increased. Consequently, reducing sugars concentration in leaves increased and sucrose

and starch concentrations decreased. A stepwise regression analysis indicated that the optimal NH4:NO3

ratio in feed solution is 40:60, with resulting solution pH of 5.9 in the growth container. In spring the

maximum yield was obtained in treatment 0:50:50 and it exceeded the winter yield despite a higher

solution EC (4.3 dS m�1 vs. 3.5 dS m�1 at harvest). The beneficial effect of urea (0:50:50 vs. 50:50:0)

stemmed from the relatively lower NH4 concentration in solution, that alleviated the NH4–Ca uptake

competition, and higher pH. The slope of the straight line relating [H+ efflux rate] to [NH4
+ uptake rate] in

treatments 25:75:0, 50:50:0 and 100:0:0 was 0.44 mol H+/mol NH4. In all other treatments the proton

efflux was negligible.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Precision control over the supply of nitrogen (N) to plants is
required to maximize crop productivity. This involves not only
the optimal N application rate, but also the optimal ratio between
ammonium (NH4), nitrate (NO3) and urea added via the irrigation
water. In greenhouse production where irrigation results in rapid
flow through the root zone, only NH4 and NO3 are typically
applied and the ratio of these two is used to balance rhizosphere
pH over time (Feigin et al., 1986; Bar-Yosef, 2008). Two
approaches dominate rose production in growth media: (1)
open systems where the excess solution is allowed to drain away
and discarded; and (2) closed systems where the drainage (or
part of it) is reused. The latter approach is advantageous as it
saves water and fertilizers and minimizes adverse environmental
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effects while sustaining high levels of productivity (Bar-Yosef,
2008).

Rosa L. response to salinity and NH4:NO3 ratio was studied in
open irrigation systems at steady state concentrations with part of
that information obtained in systems that contained soil in the root
zone. Data from open systems showed that the salinity threshold
level above which cut flower yield declined was between 2.4 (de
Kreij and van den Berg, 1990) and �3 dS m�1 (Feigin et al., 1988;
Cabrera, 2003). At sodium (Na) concentrations above 30 mM
(�3 dS m�1), nitrate reductase activity (taking place mainly in
leaves, Lorenzo et al., 2000b) was reduced (Lorenzo et al., 2000a)
and at a solution concentration corresponding to 4 dS m�1, stem
elongation rate, also, was impeded (de Kreij and van den Berg,
1990; Lorenzo et al., 2000a; Oki and Lieth, 2004). Cabrera (2001)
reported that the curve of relative dry matter (DM) weight of rose
plants as a function of leaf Cl concentration was bell-shaped with a
maximum at a Cl concentration of 4.5 g kg�1 DM.

The response of cut roses to NH4:NO3 ratio has not been studied,
as yet, in closed irrigation systems where solutes and root
excretions accumulate over time and transformations between
N species are fast (Bar-Yosef, 2008). The response to NH4:NO3 ratio
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Table 1
Summary of NH4:NO3:urea ratio, corresponding NO3:Ntotal percentage and time

averaged total N concentration in feed solution of studied treatmentsa.

Treatment NH4:NO3:urea NO3:Ntotal, % N mg L�1

1 0:100:0 100 146

2 12.5:87.5:0 87.5 142

3 25:75:0 75 138

4 50:50:0 50 140

5 100:0:0 0 138

6 0:50:50 50 138

a Ion concentrations in the replenishment (feed) solution (mM): Mg 1.8, Na 6, K

5.8–6, H2PO4 1, HCO3 3.86, CO3 0.44 (common to all treatments). Ions that varied

with N sources: Ca 1.5–1.6 in Trs 2–6 and 2.3 in Tr 1; Cl 4.6 in Trs 4 and 6, 0.6 in Trs

1–2, and 9.6 in Tr 5; SO4 0.35 in Trs 1, 3, 4 and 5, 1.3 in Tr 2 and 5.2 in Tr 5. Solution

EC varied between 1.4 (Tr 6) and 1.7 (Tr 5); the pH was 8.2.

Fig. 1. The experimental setup (one treatment). The replenishment solution flows

from reservoir R (40 L) into five growth containers (13.0 � 0.5 L each, one of them

without plants) via a constant water head device. All containers were tightly covered

with covers having three holes for plants and one hole for the aeration tube. The

containers were randomly placed in five blocks on a 10 m � 2.5 m greenhouse bench.

Combined ET of all replicates was obtained daily by measuring the water height (h) in

R. When h declined by �20% of the maximum height feed solution was added to fill

reservoir R.
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in open systems is still controversial. Feigin et al. (1986) reported
that a ratio of 25:75 in the irrigation water stimulated flower
production in tuff substrate compared with that at 0:100, but a
ratio of 37:63 reduced yields. Cabrera (2001), on the other hand,
found that flower yield in a peat–vermiculite–perlite substrate was
unaffected by elevation of the NH4:NO3 ratio from 0:100 to 25:75
and to 50:50, but in his study both the pH and NH4:NO3 ratios were
maintained constant by using buffered pH solutions and nitrifica-
tion inhibitors. Negligible cut rose response to NH4:NO3 ratio in a
controlled recirculation hydroponic system was also reported
(Cabrera et al., 1996). The discrepancy between the results of
Feigin et al. (1986) and those of Cabrera (2001) indicates that the
effect of NH4:NO3 ratio on solution pH (Marschner, 1995)
outweighs that of the ratio per se. Elevating the NH4:NO3 ratio
was also shown to stimulate the uptake of N (Lorenzo et al., 2000b)
and P (Feigin et al., 1986; Lorenzo et al., 2000a) by rose plants
during shoot elongation because of the preferential uptake of NH4

as compared with NO3 (Marschner, 1995), and due to the reduction
of solution pH (Feigin et al., 1986), respectively. According to
Lorenzo et al. (2001), elevated NH4 concentration inhibits K uptake
by Rosa L. and thereby reduces its salinity tolerance. The
quantitative relationship between NH4

+ uptake and H+ efflux by
roots, which is required for estimating temporal variation in pH as
means of avoiding P and Mn precipitation in plant rhizosphere
(Bar-Yosef, 2008), has not, hitherto, been reported for roses.

Closed substrate-less hydroponic systems are suitable for
studying cut roses response to accumulating salts and to N species
in the root zone. The small pH buffering capacity and absence of
cation adsorption sites, allow direct analysis of proton efflux by
roots and NH4

+ transformations, and permit extrapolation of these
results to other growing systems.

Urea is the cheapest nitrogen fertilizer to purchase; it has the
lowest osmolality among all N sources (Weast, 1978), and because
of its zero charge, it is not accompanied by ions that tend to
accumulate in solution. It is used sparingly in open high frequency
fertigation as its residence time in the system is too short for
effective hydrolysis, reported as 60–100% per day (Ikeda et al.,
2001 and Udert et al., 2003, respectively), and its uptake before
hydrolysis is much slower than nitrate or ammonium (Kirkby and
Mengel, 1967; Ikeda and Tan, 1998; Tan et al., 2000; Khan et al.,
2000; Herndon and Cochlan, 2007; Merigout et al., 2008). The
hydrolysis rate poses no problem in closed irrigation systems if the
daily urea application (�daily N consumption by crop) is less than
�20% of the NO3 + NH4 quantity in the system (Bar-Yosef, 2008).
The effect of urea transformations on solution pH in closed
irrigation systems, in the presence and absence of rose plants, has
not yet been published. Qualitatively, the hydrolysis reaction
RNH2 + 2H2O! NH4

+ + R+ + 2OH� implies an increase in solution
pH, but the plant response to the transient NH4:urea ratio in
solution is unknown.

The objectives of the present study were: (i) to study the effects
of NH4:NO3:urea ratio in the feed solution of a closed hydroponic
system on rose flower yield, DM production, and nutrient and
sugar contents in leaves; (ii) characterize the effects of treatments
on temporal EC, pH and N species concentrations in the growth
containers; and (iii) estimate the relationship between H+ efflux
and NH4 influx by roots. This information is considered essential
for enhancing N uptake and pH control efficiency in hydroponic
rose growing systems.

2. Materials and methods

2.1. Experimental

Four-month-old rose plants (Rosa L. ‘Kardinal’ grafted on ‘Natal
Briar’ rootstock) were transferred from the nursery to 15-L growth
containers, with 3 plants per container, on 24 April 2006. The
containers were filled with 13.5 L of half-strength Hoagland
solution No. 1 (no solid substrate) and aerated by pumping air
through porous aquarium stones in the bottom of the container.
The plants were allowed to acclimate for 3 days, at the end of which
the containers were emptied and then connected to the reservoir of
treatment solution so as to begin receiving the planned treatments
(Table 1). Each reservoir supplied a nutrient solution to five growth
containers, one of them control without plants (Fig. 1). Solute
diffusion between containers was found in a preliminary test to be
negligible; evaporation rate from control containers was estimated
from a no-plant container detached from the reservoir. A float-
valve in each reservoir maintained steady solution volume in all
treatment replicates. This arrangement precluded per replicate
water consumption measurement, therefore only the treatments
average evapotranspiration (ET) is reported. A preliminary test of
plant uniformity revealed that the initial average plant fresh
weight, root volume, and root dry weight were 39.4 � 9.6 g,
10.0 � 3.7 mL and 1.9 � 0.2 g, respectively. The ET rate was deter-
mined by measuring the solution volume in the solution reservoirs
(Fig. 1) and the volume of feed solution that was added to them to
replenish uptake when 15–20% of the initial solution was consumed.

On 10 June, 2006 one plant was sampled from each container
for dry matter determination and leaf tissue analysis. All stems (no
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shoot bending took place) and leaves were sampled. Solutions
were sampled from all containers twice a week, and were analyzed
for EC and pH. Solution sub-samples were frozen and stored
pending analysis for NO3, NH4, P, K, Ca, Mg, Fe, Mn and Zn.
All elements except N were determined by Thermo Iris ICP; the
NO3 and NH4 were determined with a Lachat flow injection
autoanalyzer; total N in solution was determined by micro-
Kjeldahl with sulfuric acid. Urea-N was estimated as [total
N] � [NH4

+ + NO3
�]. The error stemming from the presence of

organic N was <5% of the initial urea-N concentration.
Mean daytime maximum, minimum and average greenhouse

temperatures during the first growth cycle were 30 � 2, 18 � 2
and 24 � 2 8C, respectively, and 31.5 � 1, 19.5 � 1 and 26.5 � 1
during the second cycle. The mean daytime photosynthetic active
radiation during the first and second cycles was 530 � 30 and
600 � 20 mmol cm�2 s�1, respectively. The greenhouse was heated to
16 8C. The container solution temperature (not presented) reached its
maximum �4 h after the greenhouse air temperature. The maximum
daytime temperature of the solution was 0.5 to �1.0 8C lower than
that of air, whereas at midnight the solution was 4 8C warmer than
the air.

Cut flowers were harvested simultaneously in all containers on
10 June and 15 July, 2006 regardless of bud development stage,
and stem length, and leaf, stem and inflorescence fresh weights
were promptly measured. All flowering stems had one flower per
stem. Leaves were oven-dried, ground, digested with sulfuric acid
and H2O2 and analyzed for the aforementioned elements. A leaf
sub-sample was analyzed for hot-water-soluble (free) glucose,
fructose and sucrose; total glucose was determined by enzymatic
hydrolysis. Sugar concentrations were determined by PerkinEl-
mer/Sciex API 2000 HPLC/MS/MS. In the July harvest the plant
base and roots were sampled for fresh and dry matter weights
determinations.

Titration curves were determined with 200-mL aliquots of all
treatment solutions, by using HCl or NaOH as titrates to provide a
pH range of 2.8–8.5. Consumed (later called combined) H+ (Y,
mmol/L) was defined as added H+, minus that found in solution, as
determined by pH measurements. Since the differences between
the various treatment titration curves were negligible, a single
function (of treatment 50:50:0) was used subsequently. A 4th
order polynomial was fitted to the data yielding: Y = 0.0332x4 �
0.7053x3 + 5.138x2 � 15.807x + 21.079 (R2 = 0.994) where x is pH
(figure not presented).

2.2. Calculations

The proton excretion rate (PER, mol H+/day per plant) was
calculated as

PER½1þ1� ¼
fVðCH½iþ1� þ QH½iþ1� � ðCH½i� þ QH½i�ÞÞ � ET½iþ1�CHr½iþ1�g

Dt npl

(1)

where CH is H+ concentration in growth container solution (M), V is
the solution volume in growth container (L), t is time (days), i is the
time-increment number, QH (mol H+/L) is the combined H+ at CH, as
calculated from the titration curve formula, ET is the measured
evapotranspiration, CHr is the H+ concentration in the replenish-
ment (reservoir) solution and np is the number of plants per
container.

The ammonium uptake rate (U, mmol/day per plant) was
calculated from the NH4 concentrations in the growth container
(CNH, mol/L) and replenishment (CNHr, mmol/L) solutions during
the current and previous time steps (t and t � 1, respectively), and
the NH4 nitrification rate that was approximated as the increase in
NO3 concentration (CNO-pl) between t and t � 1 in the no-plant
container in treatment 100:0:0.

U ¼
fV ½CNH½t�1� � CNH½t� � ðCNO-pl½t� � CNO-pl½t�1�Þ� þ CNHr½t� ET ½t�g

Dt npl

(2)

2.3. Statistical analysis

The experimental design was complete block with treatments
randomized within each of the blocks. Statistical analysis included
ANOVA, Duncan’s multiple range test, and multiple stepwise
regressions, all applied with SAS software, Version 9.1 (SAS
Institute Inc., Cary, NC, USA). Curve smoothing was performed by
means of a 5th order polynomial.

3. Results

3.1. EC, pH and N species concentration in growth container solutions

Electrical conductivity in the control (no-plant) containers
increased during the growing season from 1.3–1.5 dS m�1 to 1.9–
3.4 dS m�1 (Fig. 2a) due to evaporation (5–7 mL day�1per con-
tainer) and intentionally increased target nutrient concentrations
(by about 0.2 dS m�1). The urea treatment (#6) showed highest
increase in EC between days 50 and 85 due to enhanced urea
hydrolysis rate stemming from increasing temperature. With
plants (+pl) the EC increased to �4.5 dS m�1 (Fig. 2b) and was
directly proportional to ET (see below).

The solution pH in control containers remained constant for a
lag period of 10–15 days then decreased with time, plausibly
because of nitrification; the rate of pH decline increased as the
NH4:NO3 ratio in feed solution increased (treatments 4, 5 Fig. 2a).
In containers with plants the decline in pH was negligible as long as
NH4:NO3 was �25:75 (treatments 1, 2, 3 and 6, Fig. 2b). If
consideration is limited to the last 10 days preceding each of the
harvests 1 and 2, the steepest increase in pH occurred at an
NO3:Ntotal ratio of 60 � 10% (Fig. 2). A NO3:Ntotal ratio is used to
enable data from the urea treatment (0:50:50) to be included in the
plot. The data show (Fig. 2) that the pH in the urea treatment was
much higher than that in treatment 50:50:0 (�7.5 compared with
�3.5) because of urea hydrolysis and the lower ammonium
concentration in the solution (Table 2). In both the growth container
and the reservoir solutions, except in treatment 100:0:0, the
predominant N species was nitrate (Table 2). In treatments
100:0:0 and 50:50:0 the difference in NH4:(NH4 + NO3) ratio between
feed and reservoir solutions was <30%, which indicates that
nitrification in the reservoirs was inhibited because of their low
pH of �3 (Alexander, 1961). In treatment 25:75:0 (reservoir pH �8)
nitrification reduced the NH4:(NH4 + NO3) ratio to 0.04 from initial
value of 0.25 in the feed. In treatment 0:50:50 the measured urea
fraction in the reservoir was�0.44 whereas in the growth containers,
where the pH was �7.5, the solution urea concentration was
negligible in both the control and the +pl solutions, indicating rapid
enzymatic hydrolysis of urea (Table 2).

3.2. Cut flower yield

Total and marketable (>40 cm) flower yields of the first flush
(EC� 2.5 dS m�1) were maximal when the feed solution NO3:Ntotal

ratio was 0.75 (treatment 25:75:0) (Fig. 4). When NH4 was replaced
by urea (50:50:0 vs. 0:50:50) total and marketable yields increased
by 20–35% (U1, Fig. 3). Note that this effect was significant (P � 0.05)
only when yield was expressed as fresh weight.

At the second flush (EC = 2.5 to �4.5 dS m�1) the total number
and weight of cut flowers were significantly (P � 0.01) affected by



Fig. 2. (a) EC and pH in control (no plants) containers as a function of treatment and time (day 0 = 24 April 2006; 1st and 2nd harvests = 10 June, 15 July (d 46, 82). (b) As (a) but

in planted containers. Bottom. The effect of NO3:Ntotal ratio in replenishment solution on time averaged pH during the last 10 days of cycle 1 (H1) and 2 (H2). The urea

(0:50:50) treatment points (U1, U2) were not included when hand-fitting the line. Treatments 1–6 are 0:100:0, 12:88:0, 25:75:0, 50:50:0, 100:0:0, and 0:50:50, respectively.
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treatments, whereas the >40 cm stems was significant at only
P � 0.10. Both total and >40 cm stem yields were significantly
higher in the urea treatment than in all other N treatments (U2,
Fig. 3). Plants in treatment 100:0:0 (NO3:Ntotal = 0) produced no
buds, and their mortality was �50% (detailed data not presented).

The polynomial curves of yield vs. feed solution NO3:Ntotal ratio
for the winter and spring cycles (Fig. 3) had R2 > 0.9 but they were
not significant at P � 0.05 therefore the equations are not
presented.

3.3. Dry matter production, plant organs weight and transpiration

The effects of treatments on entire plant and cut flower DM
weights, and on fresh leaf and root weights (Table 3) are similar to
the effects reported above on cut flower yield; the effects on plant
root weight and cut flower dry stem weight were stronger in the
second growth cycle than in the first one. Inflorescence dry weights
showed wide experimental variability, because all flowers were
harvested simultaneously, regardless of bud development stage. In
both cycles the maximum and minimum ET were obtained in the
urea (0:50:50) and the sole ammonium (100:0:0) treatments,
respectively. In all treatments except 0:100:0 and 100:0:0 the daily
ET in the second cycle was higher than or equal to that in the first
cycle due to longer days and elevated temperature and despite the
higher EC in solution (Fig. 2).

3.4. Nutrient and carbohydrate concentrations in leaves

In the first harvest the %P in flowering stem leaves increased
monotonically with the increase in NH4 fraction in the feed
solution; the %N in the DM increased when the NH4 percentage
was raised from 0:100:0 to 25:75:0; and the %K in the
leaves decreased when the NH4 percentage increased from
25:75:0 to 50:50:0. The Ca and Mn concentrations in leaves
were highest at 25:75:0 and 50:50:0, respectively. Nutrient
contents in leaves in the urea treatment were similar to those in
treatment 25:75:0, except that Mn content was lower (Fig. 5,
harvest 1).



Table 2
The NH4-N/(NH4-N + NO3-N + Urea-N) ratio in replenishment (feed), reservoir (R)

and growth container (�Pl = control; +Pl = planted) solutions prior to first (winter)a

and second (spring)b harvests.

Tr (NH:NO:Uc) Feedd Days 30–40 Day 82

R Container R Container

�Pl +Pl �Pl +Pl

NH4-N/(NH4-N + NO3-N)

0:100:0 0 0 0 0 0 0 0

12:88:0 0.12 0.075 0.04 0 0 0 0

25:75:0 0.25 0.04 0.04 0 0.04 0 0

50:50:0 0.50 0.41 0.28 0.13 0.36 0.27 0.08

100:0:0 1.0 0.83 0.67 0.75 0.82 0.77 0.87

NH4-N/(NH4-N + NO3-N + Urea-N)

0:50:50e 0 0.035 0 0 0.08 0 0

a Data averaged over 30–40 days after planting (1st harvest: 46 days after

planting). Results closely resembled those on days 15, 20 and 25 (not presented).
b Sampled on harvest day (2nd harvest: 82 days after planting).
c NH = NH4-N; NO = NO3-N; U = urea-N.
d Feed solution was added to reservoir when the water head decreased to 15–20%

of the initial height.
e The values of the fraction, Urea-N/(NH4-N + NO3-N + Urea-N) in feed, reservoir,

control and +Pl solutions were 0.50, 0.44, <0.02 and <0.02, respectively.
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In the second harvest the effects of treatments on the P and K
content in the leaves were the same as in the first harvest, but no
effects on %N and %Ca could be noticed. Contrary to harvest 1, the
Fig. 3. Yield components as a function of replenishment solution NO3-N/(Ntotal) ratio (%, N

2nd (a2) cycles; (b) number of all harvested flowers per plant in 1st (b1) and 2nd (b2) cyc

2nd (c2) cycles; (d) number of >40 cm harvested flowers per plant in 1st (d1) and 2nd (d

the 5th order polynomial curves. ANOVA treatment significance:

ANOVA Yield component (as in figure)

Harvest 1

a1 b1 c1 d1

F 17.7 13.0 3.9 5.7

Pr > F 0.0001 0.0001 0.02 0.0

Lsda 29.6 1.26 3.89 0.8

a Least significant difference by Duncan’s critical group test, a = 0.05.
%Mg responded significantly to treatments; its maximum and
minimum values were obtained in 12:88:0 and 25:75:0, respec-
tively (Fig. 5, harvest 2).

The sum of the concentrations of all extractable carbohydrates
in leaves of harvest 1 was maximal in treatments 25:75:0, 50:50:0
and 0:50:50; it declined when the NH4:NO3 ratio decreased to
12:88 or increased to 100:0 (Fig. 6, harvest 1). The concentrations
of glucose and fructose were highest in the sole ammonium
treatment (100:0:0).

The response of sugar concentrations to treatments in the
second harvest was as in harvest 1, except that concentrations of
sugars in the urea treatment (0:50:50) were lower than those in
treatment 50:50:0 (Fig. 7, harvest 2). The leaf concentration of total
carbohydrates in harvest 2 exceeded that in harvest 1. Note that
treatment 100:0:0 is not accounted here, because flowering stems
were not produced in this treatment.

3.5. Protons efflux and ammonium influx by roots

The NH4 influx and H+ efflux were calculated for all sampling
dates (Eqs. (1) and (2), respectively) and plotted against each other
(Fig. 7). The highest NH4 influx (0.0021 mol day�1plant�1) was
obtained in treatment 100:0:0 (sole ammonium) early in the
season followed, as expected, by treatments 50:50:0 and 25:75:0.

In treatments 12:88:0, 0:100:0 (nitrate only) and 0:50:50
(nitrate and urea) the NH4 uptake was negligible; therefore they
total = NO3-N + NH4-N). (a) Fresh weight of all harvested flowers (g/pl) in 1st (a1) and

les; (c) sum of length of harvested flowers longer than 40 cm (cm/pl) in 1st (c1) and

2) cycles. The urea treatment data points U1 and U2 were not included when fitting

Harvest 2

a2 b2 c2 d2

4.8 6.8 2.3 2.7

04 0.01 0.002 0.098 0.07

0 91.1 3.63 153.9 2.92



Fig. 4. Daily evapotranspiration (ET; negligible evaporation) as a function of time

(Day 0 = 24 April 2006; Hrv 1 1–46 days; Hrv 2 47–82 days) in treatments 3, 5 and 6

(25:75:0, 100:0:0 and 0:50:50, respectively). The cumulative and mean daily ET

during the last 4 days of both harvests (Hrv 1 and 2) were as follows:

Tr 1 (0:100) 2 (12:88) 3 (25:75) 4 (50:50) 5 (100:0) 6 (0:50:50)

SET, mL/pl

Hrv 1 4391 6290 8467 6908 2455 8695

Hrv 2 1530 6120 6268 5402 323 9281

Daily ET mL/(pl day)

Hrv 1 87 215 252 159 18 341

Hrv 2 69 244 259 173 15 340
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were omitted from Fig. 7. The best-fitted H+ efflux vs. NH4 influx
function was linear, with a slope of 0.44 mol H+/mole NH4 (Fig. 7).
Negative NH4 influxes (Fig. 7) could stem from organic matter
(microbes; root debris and root organic excretion) mineralization;
negative H+ efflux values could originate from H+ consumption via
mineralization and from excess uptake of anions over cations. Part
of the low R2 (0.48) is attributed to the fact that all sampling dates
were included in the correlation and NH4 uptake rate declined with
increasing plant age in all treatments.
Table 3
Fresh weight of rose plant roots and cut flower (CF) leaves; dry weight of CF leaves (Lvs)

two growth cycles.

Treatment (NH:NO:U) Fresh weight Dry weigh

Plant Cut flower Cut flowe

Roots Lvs Lvs

Harvest 1 (g plant�1)

0:100:0 22.2 16.8 bc 6.1 b

12:88:0 25.4 21.5 b 6.7 b

25:75:0 27.4 34.7 a 11.6 a

50:50:0 31.2 17.2 bc 6.0 b

100:0:0 15.7 0.6 c 0.2 c

0:50:50 23.4 32.5 a 10.9 ab

F (Pr > F) n.sb 26 (.001) 17 (.001)

Harvest 2 (g plant�1)

0:100:0 28.5 ab 6.4 ab 1.3 b

12:88:0 42.7 a 32.9 a 9.5 ab

25:75:0 52.2 a 35.8 a 10.6 ab

50:50:0 43.3 a 15.5 ab 4.9 b

100:0:0 12.9 b 0 b 0 b

0:50:50 38.3 a 48.2 a 16.9 a

F (Pr > F) 2.7 (.064) 5.8 (.004) 4.9 (.009)

Total DM production in cycle 2 = (DM of cut flower lvs + stms + infl in cycle 2) + (roots DM

of lvs + stms of plant base in cycle 1).
a Total DM production in cycle 1 = (DM of cut flowers lvs + stms + infl) + (roots DM)
b Not significant at P � 0.10.
c Not determined (only two replicates were oven-dried).
4. Discussion

Cut flower yield in treatment 25:75:0 (resulted solution pH � 8)
was 50% higher than in treatment 50:50:0 (solution pH 3); in
treatment 100:0:0 (also pH 3) the yield was zero (Fig. 3, winter and
spring). These results suggest that the yield reduction caused by
elevated NH4 concentration in the feed solution stemmed from
NH4 toxicity (Marschner, 1995) and/or inhibition of Ca and K
uptake (Fig. 5), and less from the low pH itself. Zieslin and Snir
(1988) reported that after 9 days in solution, the root elongation of
rose cv. Sonia was inhibited by �50% at pH 4 and 8 in comparison
with pH 6, while shoot growth and leaf size were not affected by pH
4 and were reduced by pH 8. It was not specified whether chelating
agents were added to avoid Fe, Zn and Mn precipitation at pH 8,
and what was the NH4:NO3 ratio in solution. Yan et al. (1992) found
that corn and broad bean seedling root growth rates were reduced
�3-fold and �7-fold, respectively, when solution pH was reduced
for 1–2 days from 4.5 to 3.5 at fixed Ca solution concentration of
1 mM, while at Ca2+ concentration of 5 mM and pH 3.5 the root
growth rates increased 2.5-fold and �8-fold, respectively. Increas-
ing the K concentration in solution from 0 to 5 mM increased the
root growth rate of corn by 20% while in broad bean no effect was
obtained. Yan et al. (1992) attributed the adverse low solution pH
effect to reduced net H+ release by root at 1 mM Ca in solution. In
our experiment the Ca and K concentrations in the growth
container solutions started at 1.5 and 5.9 mM, respectively, and
increased with time to 2 and 11 mM, respectively (mean of all
treatments). As NH4 impedes Ca uptake, increasing its concentra-
tion in solution (treatment 100:0:0 vs. 50:50:0) might reduce root
growth at low pH similarly to the impact of reduced Ca
concentration in solution. Replacement of NH4 with urea (treat-
ment 0:50:50) mitigated the adverse effect of ammonium
concentration in treatment 50:50:0, and led to the maximum
cut flower yield in the spring cycle (Fig. 3). The fact that urea also
raised the solution pH to 7.5 seems to play a secondary role in this
case.

The observed decline in pH with time in treatments 50:50:0 and
100:0:0 (Fig. 2) stemmed from nitrification (2 mole H+ per mole
NH4, Alexander, 1961) and NH4 uptake by plant. The plant effect
, stems (Stms) and inflorescences (Infl); and total dry matter (DM) produceda in the

t Total DM production entire plant

r

Stms Infl

3.7 2.9 25.2

4.5 4.2 28.5

7.8 10.2 42.7

4.4 6.7 33.2

0.3 0.2 6.9

7.2 8.7 41.2

n.dc n.d n.d

1.0 b 0.87 6.4

8.8 ab 5.7 32.6

8.9 ab 5.7 38.0

5.7 ab 3.3 15.4

0 b 0 0

13.0 a 8.8 54.9

2.7 (.064) n.d n.d

in cycle 2) + (DM of lvs + stms of plant base in cycle 2) � (roots DM in cycle 1) � (DM

+ (DM of lvs + stms of plant base).



Fig. 5. Nutrients concentration in harvested cut flower leaves. Harvests 1 and 2 occurred on 10 June and 15 July, 2006, respectively. Only elements that were significantly

affected by treatment in at least one harvest are presented. Manganese was not determined in the 2nd harvest. Bars show half s.d. ANOVA of treatments significance:

ANOVA Harvest 1 (% in leaves) Harvest 2 (% in leaves)

N P K Ca Mn (mg/kg) N P K Ca Mg

F 9.8 19.2 6.8 22.8 4.7 2.4 4.0 2.6 0.50 3.7

Pr > F .0001 .0001 0.001 .0001 0.01 0.12 0.02 0.10 0.70 0.04

Lsda 0.49 0.07 0.4 .176 32.9 n.s 0.091 n.s n.s 0.055

a Critical range by Duncan’s multiple range test, a = 0.05.
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was characterized as the slope of the linear function relating NH4

influx and H+ efflux by roots, which equaled to 0.44 mole H+ efflux/
mole NH4 influx (Fig. 7). This ratio exceeds the slope of 0.30 mole/
mole reported for young tomato seedlings (Imas et al., 1997), but
the latter ratio was still within the 95% confidence interval of the
slope reported in Fig. 7. The actual decline in solution pH per unit
H+ release depends on the pH buffering capacity of the system. In
the current system the buffering capacity was determined mainly
by the HCO3

� concentration in the supply water. Higher and lower
HCO3

� concentrations than the current 3.9 mM (Table 1) will
require higher and lower NH4:NO3 ratios in the feed solution,
respectively, to obtain the same pH in solution.

Multiple stepwise regressions between cut flower yield in the
first harvest (wYL1, g fresh wt/plant) and ions concentration in the
solution and plants showed that the highest correlation was with
leaf Ca percentage, which accounted for 68% of the total variance in
yield (model 1, Table 4). This underscores the aforementioned role
of NH4 in inhibiting Ca uptake and the resulting impact on yield in
the winter cycle. The second best correlation was with [solution
pH]2 which, together with the %Ca accounted for 95% of the yield
variance (model [2], Table 4). Plotting wYL1 vs. solution pH (model
2, %Ca in the equation denoted experimental values) yielded a bell-
shaped function with maximum cut flower yield of 190 g/plant at
solution pH 5.9 (plot not presented). This pH is equal to that
reported by Zieslin and Snir (1988) as optimal for rose root growth.
The flower yield is considerably higher than the highest empirical
result in harvest 1, namely, 105 g/plant at pH �8, in treatment
25:75:0. When pH 5.9 is inserted into Fig. 2 (bottom), the NO3/
Ntotal ratio required to support this pH is 0.60 (NH4:NO3 = 40:60).
Similar results were obtained when flower yield was expressed as
the number of all harvested cut flowers or the number of >40 cm
stems (models not presented). When the optimal pH (5.9) was
raised to 8.5 (NH4:NO3 � 40:60) the yield declined due to reduced
Ca2+ availability that stemmed from CaCO3 or Ca–P precipitation in
the solution. Manganese precipitation as carbonate or orthopho-
sphate minerals could also cause the observed yield reduction at
pH 8.5 (Bar-Yosef, 2008) but such an effect was not revealed by the
stepwise regression analyses.

In the spring flush neither the solution-pH nor the leaf Ca
percentage entered test regressions at an entry probability
P � 0.15. Moreover, leaf Ca concentration was unaffected by
treatments, and it was �23% lower than in winter even though the
Ca concentration in growth containers increased from 1.5 mM in
winter to 2 mM in spring (means of all treatment). Such an increase
was shown to augment Ca uptake in fresh water (Terada et al.,
1996), but here Na concentration increased concomitantly with
that of Ca (from 1.6 to 10.9 mM, detailed data not presented) and
may well have impeded Ca uptake in all treatments. The variables
that met the P � 0.15 entry criterion were solution EC during the
second cycle and %K in cut flower leaves (%K2, models [3], [4],
Table 4). The regression models predict that increasing %K2 from
1.3 to 3.2 should reduce the number of cut flowers per plant. Such a
negative response to K contradicts published findings for fresh
water (Karlik, 2003), therefore it is suggested that %K2 reflects the
role of K in osmoregulation, namely, enhancing the K percentage as
EC increases, in order to avert water deficit in the plant (Marschner,



Fig. 6. Carbohydrates (G, F, S = free (water-soluble) glucose, fructose, sucrose, respectively; TNC = total nonstructural carbohydrates = total G + free F + free S;

St = starch = (total G � free G)0.9) concentrations (% of DM) in leaves of harvested cut flowers. Bars show half s.d. ANOVA of treatments significance:

ANOVA Harvest 1 (% in leaves) Harvest 2 (% in leaves)

G F S TNC St G F S TNC St

F 33.0 28.1 2.2 1.15 1.25 2.4 3.8 1.57 1.63 1.23

Pr > F 0.001 .0001 0.11 0.38 0.33 0.12 0.04 0.26 0.24 0.35

Lsda 0.36 0.44 5.3 n.s n.s 0.52 0.65 n.s n.s n.s

a Critical range according to Duncan’s multiple range test, a = 0.05.

Fig. 7. Relationship between NH4 uptake and H+ excretion rates (Eqs. (2) and (1),

respectively) by rose roots in selected treatments that differ in NH4:NO3 ratio. Part

of the low R2 is attributed to the fact that all sampling dates were included and NH4

uptake rate declined with increasing plant age in all treatments. The straight (solid)

line model is significant (F = 23.4; Pr > F 0.0001) and the slope (a) and intercept (b)

standard errors and 95% confidence limits (model F = 23.4; Pr > F 0.0001) are:

a b

�s.e. of estimate 0.090 0.000068

95% confidence 0.251 0.622 �0.000009 0.00027 (see broken lines in figure)
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1995). The positive correlation between EC2 and yield (model [3],
Table 4) could stem from accumulation of beneficial ions (e.g. Ca,
Mg, microelements) in solution. A similar effect with several crops
was reported by Bar-Yosef (2008) in closed loop irrigation systems.

The correlations of seasonal ET with cut flower DM weight,
based on all treatments, gave straight lines with slopes of
225 mL g�1 in the winter cycle (model 5, Table 4) and 221 mL g�1

1 in spring (model 6). Raviv and Blom (2001) cited a [water
consumption]:DM ratio of 357 mL g�1 for roses growing in a
recirculation system, but their consumption included discharged
water. The current ET was significantly correlated with fresh
weight of cut flower leaves, at 9.0 and 7.9 mL g�1 per day in the
winter and spring cycles, respectively (R2 = 0.89 in both cases;
detailed data not presented). There was no correlation between
water consumption and final root fresh weight. The lower
transpiration flux in spring indicates that, because of the higher
EC (�3.7 dS m�1 vs. �2.3 dS m�1, means over all treatments, and
all times), plants in spring were probably subjected to a water
stress that masked the ammonium effect on DM production which
prevailed in winter. A water stress in spring may explain the fact
that %K in leaves was higher in spring than in winter (Fig. 5).

The highest cut flower yield in harvest 2 was obtained in the
urea treatment (0:50:50): 152 g/plant (Fig. 4), with leaf K and Ca
percentages of 2.5% and 0.65%, respectively. The solution EC in this
treatment was 4–4.5 dS m�1, which is regarded as detrimental to
roses yield in open systems (Feigin et al., 1988; de Kreij and van



Table 4
Multiple stepwise regression models (numbered [m] 1 to 9) of cut flower yield or ET (Y) vs. solution EC or pH (X), and nutrients concentration in cut flower leaves (Z)a in

harvests 1 and 2. The regression equation is: Y = aX + bZ + c.

m Y a X b Z c R2

1 wYL1 = 115.5 � %Ca1 � � � 29.21 0.68

�s.e., signif. 39.8, * 31.8, ns

2 wYL1 = 274.8 � %Ca1 � 1.80 � pH1
2 � 65.94 0.95

�s.e., signif. 45, ** .46, * 17.7, *

3 nYL2 = 3.536 � EC2 � 8.308 0.56

�s.e., signif. 1.57, ns 5.14, ns

4 nYL2 = 6.824 � EC2 � 3.504 � %K2 � 10.70 0.91

�s.e., signif. 1.28, * 1.04, * 2.8, *

5 sET1 = 224.8 � dwCF1 + 2367.3 0.94

�s.e., signif. 28.8, ** 561.5, *

6 sET2 = 221.3 � dwCF2 + 948.0 0.96

�s.e., signif. 14.2, ** 606, *

Variable definitions and range

Variable Units Meaning Range

wYL1 g pl�1 Total flower yield, fresh wt Harvest 1 39–105

%Ca1 g 100g�1 Ca concentration in cut flower leaves Harvest 1 0.36–1.1

pH1 pH Recycled solution pH last 5 day of Harvest 1 3.7–8.2

nYL2 num pl�1 Total flower yield by number Harvest 2 0–7.5

%K2 g 100 g�1 K concentration in cut flower leaves Harvest 2 1.3–3.2

EC2 dS m�1 Time averaged solution EC along Harvest 2 2.5–3.9

dwCF g pl�1 Dry leaves wt harvested cut flower Harvest 1 or 2 0–16.9

sET1 mL Pl�1 Cumulative evapotranspiration cycle 1 3527–8741

sET2 mL Pl�1 Cumulative evapotranspiration cycle 2 1185–9188

Variables not meeting the P = 0.15 probability level for entry into the above models were %P1, %P2, %N1, %Mg1, growth container NO3-N concentration in harvests 1, 2, and

solution pH in harvest 2.
* Significant difference at P = 0.05.
** Significant difference at P = 0.01. ns = not significantly different at P = 0.05.
a No element concentration in leaves except Ca entered the above models at probability level P = 0.15.
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den Berg, 1990; Cabrera, 2003). The milder response to salinity in
the present closed hydroponic system stemmed probably from
acclimation of plants to the gradual increase in EC, and from the
accumulation of beneficial ions in solution. The milder response is
compatible with data published by Cabrera (2001) who showed
that the salinity tolerance of roses in open systems was higher than
previously thought (threshold �3 dS m�1).

The [leaf/(leaf + stem + inflorescence)] DM weight ratio
declined as the NO3:Ntotal ratio in feed solution decreased from
100:100 to 50:100 (50 and 36% in the first harvest; 42 and 35% in
the second harvest, respectively). Decreasing the NO3:Ntotal ratio
further had negligible effect on the DM partitioning. A stimulating
effect of nitrate nutrition on DM allocation to rose leaves has not
been reported so far. We hypothesize that the extra leaf mass was
required to enhance NO3 reduction in leaves (Lorenzo et al.,
2000b). At an NO3:Ntotal ratio of 50:100 the DM fraction in leaves
was higher in the presence of urea than in the presence of NH4. This
stemmed probably from higher NO3 concentration in + plant
containers in the presence of urea than in the presence of NH4

+

(Table 2).
In the first harvest sucrose concentration in leaves was directly

proportional to flower yield, whereas glucose and fructose
concentrations were inversely related to it (Figs. 3 and 6, first
harvest). Similar trends were observed in the second harvest
(Figs. 3 and 6) except that the experimental variability was greater
and the sucrose concentration was insignificant. Kuiper et al.
(1995) reported that there was a beneficial effect of sucrose on rose
flower bud opening. In the present study glucose and fructose
concentrations in leaves increased as the nitrate fraction in feed
solutions decreased. This could have been because of the increase
in leaf-P concentration (Fig. 5), and, consequently, availability of
ATP, which stimulates biosynthesis of hexoses (Marschner, 1995)
and retards that of sucrose and starch (Gander, 1976). Replacing
NH4 with urea significantly decreased glucose and fructose
concentrations in leaves (Fig. 6), plausibly because %P decreased
(Fig. 5). This substitution had no effect on sucrose and starch
concentrations in leaves.

5. Conclusion

In winter the major yield-determining factor was NH4

concentration in the replenishment nutrient solution. The
impact of NH4 could be predicted from the growth container
solution pH: when it dropped below the estimated optimum of
5.9 (NH4:NO3 > 40:60) the cut rose yield declined due to NH4-
induced Ca and K deficiency in leaves. When the pH declined to
3 (NH4:NO3 � 50:50) NH4 toxicity in the plants, and the direct
H+ activity effect on root growth, also played a role. When the
pH increased from 5.9 to 8.5 (NH4:NO3 � 40:60), yield was
limited by Ca and Mn precipitation that reduced their
availability. Excess nitrate in the replenishment solution
enhanced DM allocation to leaves, at the expense of stems
and inflorescences. Low pH (3–4) enhances P uptake and leaf P
concentration, thus decreasing sucrose biosynthesis and con-
comitantly reducing flower yield. Replacing NH4 with urea in the
presence of 50% nitrate in the replenishment solution was
beneficial to yield because it reduced NH4 concentration in
solution and increased pH to �7.5.

In spring the salinity in growth containers increased, and mild
water stress and Na–Ca uptake competition masked the effect of
NH4 on plant performance. Despite the high EC of the nutrient
solution in the spring, the flower yield in spring exceeded that in
the winter, probably because the plants adjusted to salinity as a
result of enhanced tissue K concentration, accumulation of
beneficial ions in solution, and longer days.
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