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Abstract

One-yeaiold seedlings ofelleborus x hybridus Hort. ExVilmorin (Lenten rose) were potted into 3.8 liter (#1) containers filled with
a pine bark substrate amended with one of five rates of dolomitic limestone [0, 1.4, 2.7, 4.1, or 5(0,I&)/@, 9, or 12 Ib/A).
Substrate pH responded quadratically with increasing rate of dolomitic limestone (DL) producing a range of substrate pH from 4.5 to
6.9. Nitrogen application rates (NARs) ranging from 10, 20, 40, 80, and 160 mg/liter were applied with every iffmgatdonweight
was afected by NAR, DL, and NAR x Dtate interactioriWhen no DLwas added to the substrate, top dry weight increased quadrati¢ally
with increasing NARs with maximum dry weight occurring with N at 124 mg/leweverwhen the substrate was amended with DL
at 1.4, 2.7, 4.1, or 5.4 kghtB, 6, 9, and 12 Ib/\®l top dry weight increased linearly with increasing NARs with maximum top dry
weight of 15 g to 16 g (0.53 0z and 0.56 0z) occurring with N at 160 mg@ibatrast analysis comparing Dates within each NAR
revealed DL rates of 1.4, 2.7, 4.1, and 5.4 RgBn6, 9, and 12 Ib/y}iproduced greater top growth compared to growth at the DL rate
of 0 kg/n® (0 Ib/lycf) at NARs of 40, 80, and 160 mg/lit€&urthermore, when fertilized with N at 40, 80 or 160 mg/lttgy dry weight

produced with Dlrates of 1.4, 2.7, 4.1, and 5.4 k§/8, 6, 9, and 12 Ib/yiidid not difer within each NAR. Root dry weight was
unafected by NARs and NAR x Dtkate interaction. Rate of Daffected root dry weight with the Igest increase in root growth
occurring with DLbetween 0 kg/fhand 1.4 kg/rh (0 Ib/ycf and 3 Ib/yd). Root-to-top ratio (RR) responded quadratically with
increasing NAR with the lowesflR occurring with N at 140 mg/liteFoliar N, PK, Ca, Mg, S, and Fe concentrations were fecédd

by rate of DLand NAR x DLrate, whereas foliar N, R, Ca, Mg, and S werefatted by NARs. Foliar N,,iK, and S concentrations
responded quadratically to increasing NARs; foliar Ca and Mg concentrations were linear; and foliar Fe concentratiofegtad unaf
by NARs.

Index words: lenten rose, dolomitic limestone, mineral nutrient concentration, herbaceous perennial, fertilization, mineral nutrition.

Significance to the Nursery Industry have used herbaceous perennials repeatedly as their cover story

Results from this study indicate that optimum growth of [N recentyears (4, 7, 2@s such, nursery production of her
Helleborus x hybridus (Lenten rose) im pine bark substrate baceou_s perennials by nurseries has also mcreased_. In 1999,
can be obtained by maintaining an average substrate pH ofPerennials accounted for 27% of all U.S. plant sales with $642

5.4 in combination with N fertigation at 40 to 160 mg/liter Million wholesale value among 7,391 producers (14).
using a 4:1:2 N:P:K formulation. Nutrient solutions supply- "€ genusdelleborus L. includes many exciting species

ing N at160 mglliter provided maximum top growth but de- and selections that provide winter to eayly spring flowers for
creased the root:top ratio by stimulating top growth at the Shade gardens of the southeastern Unitate$ (27). In the
expense of root growtk nutrient solution containing N at Iandsc_:apel;lelleborusx hybndusHor_t. ExV|Impr|n (Lenten_

40 to 80 mg/liter applied with each irrigation will result in ~ '0S€) IS quite easy to cultivate having few disease and insect
recommended foliar nutrient concentrations and is a good Prolems and tolerating a wide range of soils (27). However

choice if a more balanced root and top system is desired.SUCH iS not the case with contakggown plants. In contain-
Even thougfHelleborus x hybridus appears to be very toler  €rizéd productiorHelleborus x hybridus is susceptible to
ant to high substrate pH, there was no growth benefit with a PhYtophthoraiRhytophthorasp.), botrytis Botrytiscinerea),

pH > 5.4 which suggests that a pH between 5.0 and 6.0 maymlneral nutrient de_ﬁuenugs, and slow rates of growth-(per
be adequate for growth. Lime additions higher than 1.4 kg/ sc_)nal communication, ‘]l.Jd'th Kndyler and Richardyler,

m? (3 Ib/ycP) resulted in higher substrate pH but did not in- Fin€ Knot Farms Perennials, Clarksvillé,). Growers com-
crease or decrease plant growth or foliar nutrient concentra- P1ain of applarently healthy one-yezid seedllfr;gs dy'.n% and
tions. In contrast to many woody and herbaceous perennials,SUrviving p ants requiring 3 to 5 years to owerhich is
Helleborus x hybridus may be unique in its ability to main- critical sinceHelleborus x hybridus is sold by flower color

tain similar growth rates even with high substrate pH. V_V_hen a plant is not growing well in an existi_n_g program,
g g P fertility and substrate pH may need to be modified. Recom-

mendations for nutrient solution applications for production
) S ) of herbaceous perennials range from N at 100 to 200 mg/liter
Herbaceous perennlals are planted worldwide in public gar applied with every irrigation to between 100 and 150 mg/
dens, and commercial and home landscafresle journals liter applied weekly (3, 24). Dubois et alljTeported that N
applied three times weekly at 150 mg/liter maximized growth
'Received for publication December 8, 2005; in revised form March 9, 2006. of Anermone x hybrida Paxton (fall flowering anemone). Maxi-
This research was funded, in part, by the North Cardlgrécultural Re- mum growth oNephrolepsisexaltata (L.) Schott ‘Whitmanii’

search Service, Raleigh, NC 27695-7643, and by a grant from the Perennial /. . i : : ;
PlantAssociation, 3383 Schirtzinger Rd., Hilliard, OH 430&ppreciation (Whltman” fem) was achieved with N at 75 mg/llter ap-

is extended taVilliam M. Reece for technical assistance and to Pine Knot plieq with every irrigation (3 times weekly) (9)
Farm Perennials, Clarksvill¥A, for providing plants. Milled pine bark is a common substrate in the southeast-

2 ecturer and Professaespectively ern United $&tes nursery industry and pre-plant incorpora-

Intr oduction
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tion of dolomitic limestone (DL) to pine bark is routine. Sev- Table 1. Nutrient sources and concentrations of nutrient solutions.
eral studies with herbaceous and woody perennials have re-
ported that plant growth decreased with increasing rate of

N rate, mg/liter

DL with the best growth occurring when no DL was added nuytrient source 10 20 40 80 160
(6, 15, 34, 38). In contradBuddleia davidii L. ‘Royal Red’
(‘Royal Red’ butterfly bush) (12JuniperuschinensisL. ‘San N (NH,NO,) 10.0 20.0 40.0 80.0 160.0
Jose’ (‘San Jose’ juniper) (Bhotiniax fraseri Dress (Fraser ¢ (KHP0) 25 50 100 200 400
A : P (KH,PO) 3.2 6.3 12.5 25.0 50.0

photinia) (23), anduniperusvirginiana L. (easternredcedar) g (k o) 18 3.7 75  15.0 30.0
(36) growth was best with lime rates ranging from 2.0 to 4.2 :
kg/m® (3.3 to 7.0 Ib/y8). Micr onutients® mg/liter

While no nutrition nor substrate pH guidelines for con- B (H.80 05
tainergrown production of the lenten rose were found, a (&uS%. HO) 0.02
common recommended pH range for contagremvn flori- Mn (MnCl,) 05
culture crops is 5.6 to 6.2 due mainly to thleetfpH has on Mo (NH,)(Mo,0,) 0.1
micronutrient availability (5)Wright and Niemira (27) rec- ~ Zn (ZnSQ - 7THO) 0.05

ommended a pH of 5.0 to 5.5 for contaigeown nursery ~ Fe (chelated) 5.0

crops. Peterson (26) reported that mineral nutrient availabil-
ity in organic container media was optimal at a pH of 5.0 to
6.0. In the landscapéielleborus x hybridus has been re-

ported to perform best in an alkaline soil (pH > 7) while also kg/m? (0 Ib/ycF) since the irrigation water contained adequate

zApplied to all N rates.

growing well in acidic soils (27). Ca and Mg for plant growth (31).
Development of a fertility program that addressed both  Substrate leachate was collected to determine electrical
the nutritional and substrate pH requirementis@feborus conductivity (EC) and pH of each substrate solution on Oc-

x hybridus may be a first step in resolving some of the pro- tober 24, November 8, November 20, December 4, Decem-
duction issues associated with this plant. Due to the variabil- ber 18, 2001, and January 9 and January 22, 2002, using the
ity of commercial practices, Smith et al. (29) stated that rec- pourthrough nutrient extraction method (35). On January
ommended substrate pH (rate of DL addition) should be based24, 2002, 15 days after initiation of the NARs, plants were

on trials under a range of nutritional conditiohkerefore, harvested. Roots were washed to remove substrate and roots
the following research was conducted to evaluate NARs in and tops were dried at 62C (144F) for 5 défter drying,
combination with rates of Dfor their efects on growth and tops and roots were weighed and used for growth compari-

foliar nutrient concentrations éfelleborus x hybridus. sons and calculation of root:top ratios (root dry weight + top
dry weight).After weighing, tops were ground inViiley
Materials and Methods mill to pass a 40 mesh (0.425 mm) screen. Each tissue sample

(1.25 g) was combusted at 490C (914F) for.@ he result-

Th i t 5 x 5 factorial i lit plot design . _ ;
© SXpenmen. was a actora i aspitp ot cesian ing ash was dissolved in 10 ml (0.03 oz) 6N HCI and diluted

with nitrogen application rates (NARs) (10, 20, 40, 80, or

160 mg/liter) as the main plots and aged pine bark substrate!© 29 ml (1.5 0z) with distilled deionjized WatBhosphorus,
[< 1.3 cm (0.5 in)] amended with dolomitic lime (DL) at K, Ca, Mg, S, and Fe concentrations were determined by

rates of 0, 1.4, 2.7, 4.1, or 5.4 kd/f@, 3, 6, 9, and 12 Ib/yy inductively co_upled plasma emission_spectroscb’i@sue

as the subplots with four replications. DL used in the study N concentration was determined using 10 mg (0.03 0z)
contained 54% CaC(43% MgCQ, 3.0% SiQ, 0.5%Al O, sam_ples in a Perkin Elmer 2400 CHN elerr_lental analyzer
0.4% FeO,, and 0 04% SQ70% of which passed a 22503-um All tissue analyses were conducted atAhalytical Service
screen (Rgckydaie Quarries Corp., Roand, Uniform Laboratory Dept. of Soil Science, North Carolinga Uni-
one-yeamnld seedlings were potted into 3.8 liter (#1) con- VErSity Ralelgh.b. q \vsis of vari q
tainers omugust 23, 2001, with a pine bark substrate that D&t were subjected to analysis of variance (AN

was amended with the téfent rates of DL. Containers were ~ egression analysis and were considered significaRtsat

placed in a glass greenhouse under natural photoperiod and-0> (28).Treatment comparisons among rates of ure
50% shade with day/night temperatures of 24 + 3C (75 + made by single degree of freedom linear contrast tests. Re-

5F)/18 + 3C (65 + 5F)Tap water containing NON, NH,- cent reports examining the responseTlofija L. x ‘Green
N,)R K, Ca, I\(/Ig, and )r;lrlkghmty at 0.10, 0996 3(();5 70 10.0, Giant’ (‘Green Giant’arborvitae) (13),Ternstroemia
4.0, and 20.0 mglliter respectivelyith a pH of 7.4 was ap- ~ dymnanthera L. (Japanese ternstroemia) (8) @memone x

plied until NARs were initiated on September 29, 2001. NARs Nvbrida (fall flowering anenome) @ to NARs found the
were applied with every irrigation, every other daymain- measured parameters best described by a quadratic plateau

tain an approximate 0.25 leaching fraction using pressure model in I|eg of a quadrqtlc or Imear.mod*éherefore, a
compensated spray stakes (Adiek, Wade Mfg. Co., segmented linear regression (quadratic plateau) was also fit
Fresno, CA) at a rate of 200 ml/min (0.3 in/min). No other O the data using PROC NLIN (28).

irrigation was requiredis the NAR increased in the nutri- . .
ent solution from 10 mgl/liter to N at 160 mg/ljterand K Results and Discussion

rates were also increased to maintain a 4:1:2 N:P:K ratio Top dry weight oHelleborus x hybridus was afected by
(Table 1). Reagent grade ammonium nitrate, potassium phos-NARs, rate of DL, and NAR x DL rate. In contrast to previ-
phate, and potassium sulfate supplied the,NsnH K, re- ous reports, none of the measured parametekiefteborus
spectivelyA modified Hoagland solution supplied the mi-  x hybridusfit the quadratic plateau (data not presentatiien
cronutrients in the nutrient solutionsafdle 1). No additional no DL [0 kg/n? (O Ib/lyc?)] was added to the substrate, top
sources of Ca and Mg were applied to the DL treatment of O dry weight increased quadratically with increasing NARs with
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Fig. 1. Effect of nitrogen application rate on (A) top dy weight and

(B) root:top ratio of Helleborus x hybridus. In (A), data are
means of fourobservations and in (B), data a& means of 20
observations.Vertical bars represent +SE.

maximum growth occurring with N at 124 mg/liter (Fig. 1A).
However when the substrate was amended withr&tes of
1.4,2.7,4.1, or 5.4 kgh{3, 6, 9, or 12 Ib/y, top dry weight
increased linearly with increasing NARs. Maximum top dry
weight (15 to 16 g) (0.53 to 0.56 0z) occurred with N at 160
mg/liter [Fig. 1A, only DL at 1.4 kg/fn(3 Ib/ydf) is pre-
sented]. Based on the reputationH#leborus x hybridus
for slow growth, we expected to find a much lower NAR
required to attain maximum growth. Howeuee herbaceous
perennials,Melampodium leucanthum Ton. & Gray
(Blackfoot daisy) (18)Anemone x hybrida ‘Margarete’
(‘Margarete’fall flowering anemone) (), Salvia greggii
Gray (autumn sage) (17), ah@ucophyllum candidum I.M.
Johnst. (violet silverleaf) (16), all attained maximum growth
at similar NARs: N at 166, 158, 200, and 170 mg/liter
spectively Electrical conductivity of substrate solution at
maximum growth averaged 0.94 dS/m (Fig. 2A), which is
within the recommended range for liquid fertilization of con-
tainergrown nursery crops (30). Based on subjective ebser
vations, visually attractive plants were obtained with N at 40
to 160 mg/liter

Within each NAR, rate of Dhffected top dry weight with
the lagest increase in top dry weight occurring with Ba-
tween 0 kg/hand 1.4 kg/m(0 Ib/yd and 3 Ib/yd) (Table
2). Contrast analysis comparing DL rates within each NAR
revealed DL rates of 1.4, 2.7, 4.1, or 5.4 kK8 6, 9, or 12

Ib/yd®) produced greater top growth compared to DL at 0 kg/

m? (0 Ib/yc?) at NARs of 40, 80, and 160 mg/litéturther
more, when fertilized with N at either 40, 80 or 160 mglliter
top dry weight produced with DL rates of 1.4, 2.7, 4.1, or 5.4

J. Environ. Hort. 24(4):207-212. December 2006

kg/me (3, 6, 9, and 12 Ib/#Iwithin each NAR did not diér.
Increased growth with the addition of DL may have resulted
from the increase in pH. Substrate pH responded quadrati-
cally with increasing rate of DL (Fig. 1B). Pine bark sub-
strate without limestone had a pH of 4.4 while DL at 1.4 kg/
m? (3 Ib/ycP) raised the substrate pH to 5.4 (Fig. ZB)is is
within the range recommended Bbyright and Niemiera
(1987).While two studies have reported a growth increase
when DL is increased from 0 kgiit® Ib/ycf) to a low rate [1

to 2 kg/n¥ (2 to 4.5 Ib/yd)] (6, 12), results herein are in con-
trast to the majority of reports where growth decreased often
dramatically with increasing rates of OL5, 37).Thus, it

was surprising that growth did not decrease as the rate of DL
increased. Under our research conditioslleborus x
hybridus tolerated a wide range of substrate pH as top dry
weight was undécted from pH 5.3 to 6.8delleborus x
hybridus is adapted to an alkaline pH in its native habitat
(27). Argo and Biernbaum (2) reported thiampatiens
wallerana Hook. F (impatiens) were also urifécted by a
wide range of substrate pH levels.

Wright and Hinesley (36) reported that amending pine bark
substrate with DL was beneficial to growth &fniperus
virginiana only when micronutrients were also added to the
substrateThey hypothesized that an increase in substrate pH
could act as a bfédr against potentially toxic fefcts of ex-
cess micronutrients. In this stydgicronutrients were added
with every irrigation so this may be an alternative explana-
tion of the response dielleborus x hybridus to increasing

1.2
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Fig. 2. (A). Effect of nitrogen application rate on substrate electrical

conductivity and (B) effect of rate of dolomitic limestone on
substrate pH.
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Table 2. Effect of dolomitic limestone rate within each nitogen ap-
plication rate (NAR) on top dry weight of Helleborus x
hybridus. A significant NAR x lime rate interaction exists.

NARs (mg/liter)

Lime rate

(kg/m?3) 10 20 40 80 160

Top dry weight (&)

0 2.3 3.7 4.4 6.4 6.6
1.4 3.0 4.2 6.5 8.4 15.6
2.7 2.6 3.3 5.7 8.2 15.9
4.1 3.3 3.3 5.6 9.3 13.9
5.4 2.7 3.6 5.6 9.1 15.7
Contrasts

Ovs. 14 NS NS 0.001 0.001 0.001

Ovs. 2.7 NS NS 0.01 0.001 0.001

Ovs. 4.1 NS NS 0.01 0.001 0.001

Ovs.5.4 NS NS 0.01 0.001 0.001
1.4vs. 2.7 NS NS NS NS NS
1.4vs. 4.1 NS NS NS NS NS
1.4vs.5.4 NS NS NS NS NS
2.7vs. 4.1 NS NS NS NS NS
2.7vs.5.4 NS NS NS NS NS
41vs5.4 NS NS NS NS NS

ZData are means of four observations.

YTreatment comparisons made by single degree of freedom linear contrast.
Nonsignificant (NS) aP > 0.05,P value stated otherwise.

rates of DL(increasing pH). Howevgsince plant growth
was unafected by any of the Dtates greater than zero, this
hypothesis may not apply

Root dry weight was unzficted by NARs and NAR x DL
rate interaction (data not presented). Lack tdatfon root
dry weight by NARs was unexpectekhis is in sharp con-
trast toAnemone x hybrida (11) andHemerocallis Murr. x
‘Stella de Oro’(‘Stella de Oro'day lily) (25), both herba-
ceous perennials, which responded quadratically to increas-
ing NARs with maximum root dry weight with N at9 and
400 mg/liter respectivelyJull et al. (19), howeveworking
with Crytomeria japonica (L. f.) D. Don ‘ElegansAurea’
(‘ElegansAurea’ Japanese cedar) also reported that root
growth was undécted by NARs.

Rate of DLaffected root dry weight with the Igest in-
crease in root growth occurring between 0 Kgfenlb/yc)
[mean root dry weight = 3.4 g (0.12 0z)] and 1.4 KgBrb/
yd®) [mean root dry weight = 5.1 g (0.18 oz)hfle 3). Root
dry weight of plants grown with DL rates of 1.4, 2.7, 4.1, or
5.4 kg/nt (3, 6, 9, or 12 Ib/y§) were not significantly diér-
ent. Thus, a DLrate of 1.4 kg/rh(3 Ib/yd) resulting in a
substrate pH of 5.4, is apparentlyfaiént for top and root
growth ofHelleborus x hybridus when grown in a pine bark

substrate. Management of substrate pH is based on the inher 0vs.

ent properties of the substrate components and quality of irri-
gation water Therefore, rates of Dlfor production of
Helleborus x hybridus should take these factors into consid-
eration and tayet the substrate pH range between 5.0 and 6.0.
Root-to-top ratio (RR) responded quadratically with in-

creasing NAR with the lowestTR occurring with N at 140
mg/liter (Fig. 1B). Low NARs (10 and 20 mg/liter) resulted
in RTR > 1 (1.6 and 1.3, respectively). Plants fertilized with
N at 40 mg/liter had a™R of 0.95 implying that similar
amounts of engly were directed towards root and top growth.
As NAR increased, theTR decreased (0.6 and 0.3 for N at

210

80 and 160 mg/literrespectively). Other researchers work-
ing with woody perennials have noted a similar response to
increasing NAR (8, 13/Ameziane et al. (1) observed root
lengths ofCichorimintybusL. (common chicory) were simi-

lar when plants were grown with N at 37 or 248 mg/laed
concluded a decrease iTR was a result of the greater in-
crease in top dry weight. Data herein support this conclusion
as root dry weight remained constant across all NARs;
whereas, top weight continued with N increases up to 160
mg/liter. RTR was undgcted by rate of Dland NAR x DL

rate interaction (data not presented).

The combination of measured growth responses and ap-
pearance suggest that fidelleborus x hybridus a soluble
fertilizer applied every irrigation should have N at 40 to 160
mg/liter. Since R was maximized with N at 10 mg/liter
and minimized at 160 mg/liter an intermediate rate of N at
40 to 80 mg/liter might represent the best compromise be-
tween optimizing both root and top growth. Limiting fertil-
izer inputs to the lowest nutrient concentrations consistent
with adequate plant growth should be an important consider
ation for nursery production as this can significantly reduce
levels of contaminated rurfdf33).

Foliar N, RK, Ca, Mg, and S concentrations were signifi-
cantly afected by NARs (Figs. 3 and 4); whereas, foliar N
(mean = 22.4 mg/g + 1.80 SE), P (mean = 3.4 mg/g + 0.20
SE), K (mean = 26.0 mg/g £ 1.12 SE), Ca (mean = 12.3 mg/
g+0.51 SE), Mg (mean =8.0 mg/g £ 0.29 SE), S (mean =2.8
mg/g £ 0.66 SE), and Fe (mean = 124 pg/g + 9.8 SE) concen-
trations were unéécted by rate of Dland NAR x DLrate
interaction (data not presented). Lack of response of foliar
nutrient concentration to rate of limestone was another sur
prise. Other studies have found that foliar Ca and Mg concen-
trations increased with increasing rate of DL; whereas, foliar
N, P, and K typically decreased linearly or quadratically with
increasing rate of DL (15, 22). Peterson (26) reported that
mineral nutrient availability in ganic container media was
optimal at a pH range of 5.0 to 6.0; therefore, one would ex-
pect to see foliar nutrient concentrations decreasing in our

Table 3. Effect of dolomitic limestone rate on oot dry weight of
Helleborus x hybridus.

Lime rate (kg/mq) Root dry weight (g¥

3.4
. 5.1
2.7 5.2
4.1 4.7
5.4 5.1
Contrast
Ovs. 14 0.005
2.7 0.003
Ovs. 4.1 0.02
Ovs.54 0.005
1.4vs. 2.7 NS
1.4vs. 4.1 NS
1.4vs. 5.4 NS
2.7vs. 4.1 NS
2.7vs.5.4 NS
4.1vs.5.4 NS
0 vs. average of 1.4, 2.7,4.1, and 5.4 0.001

?Data are means of 20 observations.

YTreatment comparisons made by single degree of freedom linear contrast.
Nonsignificant (NS) aP > 0.05,P value stated otherwise.
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Fig. 3. Effect of nitrogen application rate on top (A) N, (B) Pand (C) Fig. 4. Effect of nitrogen application rate on top (A) Ca, (B) Mg, and
K mineral nutrient concentrations of Helleborus x hybridus. (C) S mineral nutrient concentrations ofHelleborus x hybridus.
Data are means of 20 observation¥ertical bars represent +SE. Data are means of 20 observation¥ertical bars represent +SE.

study at 2.7, 4.1, and 5.4 kg (6, 9, and 12 Ib/\® which > 40 mg/liter N were in or higher than the listed range of
produced an average substrate pH of 6.4, 6.7, and 6.9, respecralues reported by Mills and Jones (22) for new growth of

tively (Fig. 2B).These data indicate thaélleborus x hybridus containergrownHelleborus x hybridus. In contrast, even the
can maintain nutrient uptake across a wide range of substratdowest value of foliar RCa, Mg, and Fe concentrations were
pH, which supports dry weight results reported above. higher than the range of listed values in Mills and Jones (22).

Foliar N, R K, and S concentrations increased quadrati- Itis not possible to determine whether the values reported by
cally with increasing NARs with maximum concentrations Mills and Jones (22) were associated with optimum growth
occurring with N at 164, 141, 126, and 127 mg/litespec- because sampling was not performed on plants grown under
tively (Figs. 3A—-C and Fig. 4C). Harvey et al. (15) also re- arange of fertilizer treatments. Foliar nutrient concentrations
ported a quadratic response to increasing NARs for ahdP (Figs. 3 and 4) were also within the range recommended as
K concentrations dflakonechloa macra Makino ‘Aureola’, necessary for high quality plant growth for the species (10).
a perennial grass. Dubois et allteported similar results  These data support our conclusion that NARK) mg/liter
for foliar N, R and S ofAnemone x hybrida. The quadratic N produced a healthy plant.
response of foliar K concentrations was unexpected since Foliar N concentration resulting from N at 40 mg/liter was
uptake of K is usually influenced negatively by NK as 21 mg/g; therefore, we conclude that foliar concentrations <
they compete for binding sites (21). Foliar Ca and Mg con- 21 mg/gwvould be indicative of less than optimal top growth.
centration decreased linearly with increasing NARs (Fig. 4A For all other mineral nutrients,(R, Ca, Mg, S, and Fe),
and 4B). Foliar Ca and Mg concentrations commonly de- foliar concentrations observed in the present study at a NAR
crease with increasing NARs due to competition by,-NH > 40 mgl/liter should be considered indicative of good plant
for binding sites (8, 19, 21, 32)his also suggests that Ca vigor, although optimal levels were not determined directly
and Mg were not limiting growth at DL rate of 0 kd/@ Ib/ Caution should thus be exercised in interpreting the behav-
yd®). Foliar N, K, and S concentrations fertilized with NARs ior of mineral nutrients other than N when applied N is not
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optimal. In particularthis study did not generate data re-
garding foliar concentrations that might constitute deficiency
for mineral nutrients other that N.

In summaryadequate N nutrition éfelleborusx hybridus
can be attained by fertigation with N at 40 to 160 mg/liter
using a 4:1:2 N:P:K formulatiolternative strategies such
as fertigation at diérent intervals with dférent concentra-
tions are possible, if crop nutrition is monitored to maintain
EC levels between 0.4 and 0.94rdSTissue nutrient con-
centrations for N, /K, Ca, Mg, and S (mg/g) should ke
>21, >3.4, >27, >9.8, >6.5, and >2.8, respectivElyen
thoughHelleborus x hybridus appears to be tolerant to high
substrate pH there were no growth benefits with a pH > 5.4

16. Hipp, B.W. and B.J. Simpson. 1981. Influence of N on growth and
tissue N concentration lreucophllum candidum. Commun. Soil Sci. Plant
Anal. 12:205-209.

17.Hipp, B.W, B.J. Simpson, and.®. Graf. 1988. Influence of
phosphorus on nitrogen fertilizer requirements!efampodiumleucanthum
(blackfoot daisy) grown in perlite-vermiculite medium. J. Environ. Hort.
6:83-84.

18. Hipp, B.W, B.J. Simpson, and® Graf. 1989. Influence of nitrogen
and phosphorus on growth and tissue N acaheentration igalvia greggii.
J. Environ. Hort. 7:59-61.

19.Jull, L.G, S.L.Warren, and A. Blazich. 1994. Nitrogen nutrition of
containerizedCryptomeria japonica ‘ElegansAurea’. J. Environ. Hort.
12:212-215.

20. Lauderdale, C.C. 2003. Purple reigmer. Nurseryman. 191(9:18—

which suggests a pH between 5.0 and 6.0 should be adequaté2-

for growth. In contrast to many woody and herbaceous pe-
rennials,Helleborus x hybridus may be unique in its ability
to maintain similar growth rates even with high substrate pH.
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