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Significance to Industry Greenhouse grown ornamental plants often have high calcium
requirements in order to produce quality crops. Gypsum (calcium sulfate dihydrate (CaSO4
2 H2O)) is a naturally occurring colorless and odorless very fine textured solid mineral, with
a particle size typically finer than 50 μm (7). Gypsum was one of the earliest forms of
nutrient sources for plants and soil conditioners dating back to the late 18th century.
Gypsum has been used in the United States for over 250 years as a fertilizer to provide
the essential nutrients calcium and sulfur and to improve overall plant growth. Gypsum
available for agricultural use in the United States include traditional gypsum that is mined,
reclaimed casting gypsum from industry, recycled wallboard and flue gas desulfurization
gypsum (FGDG). Flue gas desulfurization gypsum or synthetic gypsum, is a waste
product typically from coal-fired power producing facilities and is a somewhat newer
source that, as of today, does not have clear re-use solutions. Instead, large quantities of
FGDG are being placed in landfills, deposited in surface impoundments, or simply
stockpiled until beneficial recycling. Based on other research in agricultural crops, FGDG
could be used as a source of calcium for greenhouse-grown plants.
Nature of Work: Three studies were conducted to determine the effects of increasing
rates of FGDG on six greenhouse crops. In the first study, substrates (6:1 pine bark:sand)
for two greenhouse crops: zonal geranium (Pelargonium x hortorum) and petunia (Petunia
x hybrida) were pre-plant incorporated with FGDG at 3.26, 6.52, 9.78, 13.0 kg/m3 (5.5, 11,
16.5, 22 lbs/yd3), along with a treatment of 3 kg/m3 (5 lbs/yd3)dolomitic limestone, and a
treatment of 3 kg/m3 (5 lbs/yd3)dolomitic limestone + 3.26 kg/m3 (5.5 lbs/yd3) FGDG.
A second study incorporated FGDG at rates of 0, 3.26, 6.52, 9.78, 13.0, 16.3, and 19.58
kg/m3 (5.5, 11, 16.5, 22, 27.5, and 33 lbs/yd3) along with a treatment of 3 kg/m3 (5 lbs/yd3)
dolomitic lime into a 6:1 pine bark:sand substrate for ‘Freedom Red’ poinsettias
(Euphorbia pulcherrima Willd. ex Klotzsch) and a Fafard 3B substrate for three species of
fern: Nephrolepis obliterata, N. exaltata ‘Bostoniensis’ and N. exaltata ‘Roosevelt’. A third
study with ‘Freedom Red’ poinsettias used similar and higher rates of FGDG at 0, 9.78,
19.58, 29.37, 39.16, 48.95, and 58.74 kg/m3 (0, 16.5, 33, 49.5, 66, 82.5, 99 lbs/yd3) in a
6:1 pine bark:sand substrate. Cell wall stability and stem strength are often attributed to
calcium (5), poinsettias were included in study 2 and study 3 to evaluate calcium from
FGDG effect of stem breakage in poinsettia, often a problem in poinsettia production (4,
5).
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Results and Discussion: In study 1, Geranium growth index (GI) increased as FGDG
levels increased and dry weight increased slightly. Petunia GI was significantly less as
levels of FGDG increased and GI increased at the lowest FGDG rate compared to the
control, however; no differences were observed for fresh or dry shoot weights. Based on
the results of this study, geranium greenhouse production may benefit from incorporating
FGDG when using pine bark-based substrate, but low rates (3.26 kg/m3 (5.5 lbs/yd3))
could be used in petunia production.
In study 2, both fern species had varying responses for GI. N. oblierata GI increased up to
13.0 kg/m3 (22 lbs/yd3) FGDG, but decreased at higher rates. The highest GI for N.
exaltata ‘Bosteniensis’ was observed at 16.3 kg/m3 (27.5 lbs/yd3). The GI for N. exaltata
‘Roosevelt’ was lower in all treatments containing FGDG compared to the control.
However, there were no differences in fern dry weights for all treatments. Means of
growth indices varied across all treatments, and means were similar for the control, the
treatment of dolomitic lime, and rates above 9.78 kg/m3 (16.5 lbs/yd3), with the highest GI
being at the 6.52 kg/m3 (11 lbs/yd3) rate.
In study 3, poinsettia dry weights varied across treatments with the maximum observed
dry weight at the FGDG rate of 48.95 kg/m3 (82.5 lbs/yd3). All plants were grown to a
uniform marketable size averaging 25 cm height and 35 cm x 35 cm width (10” x 14” x
14”). During both experiments, sufficiency levels were within recommended ranges across
all treatments and there was no observable bract necrosis or nutrient deficiency or toxicity
observed on any treatment. We did notice that plants at the higher rates of gypsum did not
dry out between waterings compared to the control and the lowest gypsum rate.
In a study by Kuehny and Branch (4), the stem strength of ‘Freedom Red’ poinsettias was
shown to be greater when fertilizing with high nitrate nitrogen with added calcium
suggesting that the greater stem strength could be attributed to stronger cell walls
associated with increased calcium uptake, In our second and third studies, poinsettia stem
strength was measured using a digital force gauge clamped to similarly sized lower
branches 10 cm from the main branch to record the maximum force at breakage when
pulling perpendicular away from the main stem. In study 2, poinsettia stem strength was
similar in all treatments except for 3.26 kg/m3 (5.5 lbs/yd3) FGDG, which had the lowest
stem strength in all treatments. In study 3, there was a slight increase in stem strength at
FGDG rate of 19.58 kg/m3 (82.5 lbs/yd3) with stem strength for several rates of FGDG
different from the control, however the difference in stem strength may still not be enough
to practically overcome breakage when moving plants or shipping to consumers.
Gypsum has been shown to improve overall plant growth, improve soil physical and
chemical properties, aid in sodic soil reclamation, and supply the essential plant nutrients
Ca and S. The Ca and S contained within FGDG are readily utilized as nutrients in plants
due to gypsum’s solubility (2.5 g per L) and small and uniform particle size (<150 microns)
(2). Using gypsum as a source for Ca is common throughout the southern United States
for high Ca-requiring crops, such as peanuts. However, few studies have considered
gypsum in soil-less substrates (3, 5, 6). Currently, approximately 500,000 tons of FGDG
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are used in agriculture (9), which represents about 4% of all the FGDG produced in the
U.S. (1). With our results less dramatic than might be expected, additional research is
warranted to determine the efficacy of highly soluble gypsum in soil-less substrates.
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Significance to Industry Supplemental lighting is often required for greenhouse
production of annual bedding plants in early spring. However, supplemental lighting is
generally provided in an inefficient manner, in terms of photosynthetic light use. We used a
series of models to construct an optimal supplemental lighting strategy, using an adaptive
lighting control approach and accounting for crop physiological responses for two bedding
plant species. We estimate that using this strategy can reduce the electrical cost of
supplemental lighting by 24% for petunia and 37% for impatiens.
Nature of Work: Greenhouse production of annual bedding plants typically occurs during
late-winter and early-spring when ambient light levels are relatively low, and may be
inadequate to provide sufficient growth and development for many species. Thus,
supplemental lighting is often required to produce high-quality plants (1, 2, 3). Current
recommendations for greenhouse crop light requirements, as well as much of the existing
research, are based on the daily light integral (DLI, mol∙m-2∙d-1), the total amount of light a
crop receives in a 24-hour period. However, DLI alone may not adequately describe the
relationship between light levels and crop growth, since photosynthetic responses to light
are generally asymptotic; light provided at higher intensities is used less efficiently for
photosynthesis (Figure 1) (4, 5). Thus, preferentially providing supplemental lighting when
sunlight levels are relatively low will likely lead to more growth than providing an identical
amount of light at higher ambient light levels (6).
Species-specific photochemical responses to light intensity (photosynthetic photon flux
density; PPFD, µmol∙m-2∙s-1) were determined using chlorophyll fluorometry to measure
the quantum yield of photosystem II (ΦPSII), the efficiency with which absorbed light is used
to drive the light reactions of photosynthesis (photochemistry) (7, 8). Combined with
PPFD, ΦPSII was used to determine the rate of electron transport through photosystem II
(electron transport rate; ETR, µmoles of photons per square meter of leaf per second), a
proxy for photosynthesis (9, 10). Electron transport rate was calculated from ΦPSII and
PPFD using the following equation: ETR= ΦPSII × PPFD × 0.84 × 0.5. The ETR response
to PPFD was evaluated using 718 observations obtained in a greenhouse and growth
chamber using a chlorophyll fluorometer (JUNIOR-PAM, Heinz Walz; Effeltrich, Germany)
for petunia (Petunia × hybrida ‘Daddy Blue’) and impatiens (Impatiens walleriana ‘Super
Elfin XP Violet’) (Figure 1).
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Developing supplemental lighting strategies that account for the contribution of within-day
PPFDs to total daily photosynthesis provides an alternate approach to controlling
supplemental light based solely on DLI. Such an approach can account for plant light use
efficiency (i.e. ΦPSII), and may be a more reliable indicator of the effect of supplemental
light on photosynthesis and growth than DLI. We define the daily photochemical integral
as the total amount of photochemistry (moles of electrons moved through photosystem II
per square meter of leaf per day) over a 24-hour period (DPI, mol∙m-2∙d-1). To calculate
DPI, the ETR for all observed PPFDs is calculated from the crop-specific light response
curve (Figure 1) and integrated over a 24-hour period. To generate the simulations, we
evaluated the response of DPI to DLI using ten years of light data collected from a weather
station in Watkinsville, GA (Figure 2). A hypothetical 24-hour greenhouse light distribution
for the month of February was also generated from this data (Figure 3). The aim of this
study was to simulate optimal greenhouse lighting strategies based on DPI that could be
easily implemented using adaptive LED lighting control (11, 12, 13). All curve-fitting and
regression analyses were performed using SigmaPlot 13 (Systat Software, Inc.; San Jose,
CA).
Results and Discussion The photochemical light response was described as an
exponential rise to a maximum with an asymptote of ETR = 209 µmol∙m-2∙s-1 for petunia
(R2= 0.94, p<0.0001) and 164 µmol∙m-2∙s-1 for impatiens (R2= 0.89, p<0.0001) (Figure 1).
Because of this asymptotic relationship, as PPFD increases, ETR increases at a
progressively lower rate. Thus, providing supplemental light when ambient PPFD is
relatively low will lead to a greater increase in ETR than at higher ambient PPFD.
Daily photochemical integral was simulated for 1826 days and evaluated as a function of
DLI. This relationship was also described as an exponential rise to a maximum (Figure 2)
with an asymptote of DPI= 8.03 mol∙m-2∙d-1 for petunia (R2= 0.98, p<0.0001) and 6.31
mol∙m-2∙d-1 for impatiens (R2= 0.89, p<0.0001). Daily light integral recommendations are
18-30 mol∙m-2∙d-1 for petunia and 12-24 mol∙m-2∙d-1 for impatiens (14), which correspond to
simulated DPIs of 3.60-5.05 and 1.98-3.34 mol∙m-2∙d-1 for each species respectively. Ideal
DPIs for the following simulations were taken as the DPI corresponding to the highest DLI
recommended for each species (DPIs of 5.05 mol∙m-2∙d-1 for petunia and 3.34 mol∙m-2∙d-1
for impatiens).
Typical supplemental lighting control involves turning on supplemental lights to a
consistent intensity for a fixed period of time. Adaptive LED lighting control incorporates a
light sensor and precision control of LED intensity, and provides supplemental light up to,
but not exceeding, some specified threshold PPFD. Using conventional control with a 16hour photoperiod, for the simulated day with an ambient DLI of 16.2 mol∙m-2∙d-1,
supplemental lighting would need to be provided at a constant 140 µmol∙m-2∙s-1 for petunia
and 90 µmol∙m-2∙s-1 for impatiens for the entire 16-h photoperiod (Figure 3). This would
require approximately 1.31 and 0.840 kWh of electricity per m2 of growing area per day for
petunia and impatiens, respectively (21). Using adaptive lighting control, the PPFD at the
canopy level would be maintained at a minimum of 265 µmol∙m-2∙s-1 for petunia and 160
µmol∙m-2∙s-1 for impatiens for 16 hours (Figure 3). With this approach, supplemental light is
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provided to reach but not exceed the threshold PPFD when ambient PPFD is below this
threshold, and no additional light is provided when ambient PPFD exceeds it. Using this
strategy would reduce the electricity use to 0.992 and 0.536 kWh per m2 for petunia and
impatiens, respectively. Thus, the amount of electricity required for supplemental lighting
could be reduced by 24% for petunia and 37% for impatiens by using an adaptive lighting
approach to achieve the same DPI, which would correspond to the same amount of
photochemistry and presumably growth. Assuming a fixed electrical cost of $0.10/kWh and
a 4-week growing cycle, conventional lighting control would require $14,844 for petunia
and $9,519 for impatiens per acre of greenhouse growing area to power the lights;
adaptive control would reduce this cost by $3,603 per acre for petunia and $3,445 per acre
for impatiens. Further research is needed to validate these models and elucidate the
relationships between DPI, DLI, and crop growth and development.
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Figure 1. Electron transport rate (ETR) as a response to photosynthetic photon flux density
(PPFD) for petunia (Petunia × hybrida ‘Daddy Blue’) (solid line) and impatiens (Impatiens
walleriana ‘Super Elfin XP Violet’) (dashed line). Lines represent the equations obtained by
regression analysis of 718 observations from greenhouse and growth chamber
experiments; for petunia ETR= 209*(1-e(-0.00150*PPFD)) (R2= 0.94, p<0.0001), for impatiens
ETR= 164*(1-e(-0.00142*PPFD)) (R2= 0.89, p<0.0001).
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Figure 2. Simulated daily photochemical integral as a function of daily light integral for
petunia (Petunia × hybrida ‘Daddy Blue’) (closed symbols) and impatiens (Impatiens
walleriana ‘Super Elfin XP Violet’) (open symbols). Simulation was based on ten years of
light data collected at a weather station in Watkinsville, GA. Daily light integral was
calculated by integrating all PPFD observations for each 24-hour period (midnight to
midnight). Daily photochemical integral was calculated by transforming the observed
values of PPFD to ETR according to the equations shown in Figure 1 and integrating
these values for each 24-hour period.
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Figure 3. Photosynthetic photon flux density required to reach an ‘ideal’ DPI of 5.05 mol∙m2 -1
∙d for petunia (Petunia × hybrida ‘Daddy Blue’) (solid line) and 3.34 mol∙m-2∙d-1 for
impatiens (Impatiens walleriana ‘Super Elfin XP Violet’) (dashed line) in a 16-hour
photoperiod using continuous light levels of 140 µmol∙m-2∙s-1 for petunia and 90 µmol∙m-2∙s1
for impatiens (a), or using adaptive lighting control with a threshold PPFD of 265 µmol∙m2 -1
∙s for petunia and 160 µmol∙m-2∙s-1 for impatiens. The dotted line represents a
hypothetical greenhouse light distribution for late-Winter with a DLI of 16.2 mol∙m-2∙d-1. The
DLI required to reach the target DPI for either species with each lighting control approach
is shown in the figure next to the corresponding line (species indicated by first letter of
name in subscript).
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Significance to Industry Greenhouse-grown cut roses are intensively managed,
fertigated with complete nutrient solutions that have nitrogen (N) concentrations ranging
from 150 to 250 mg/L. Our previous research indicates that N concentrations as low as 90
mg/L could sustain flower yields, albeit often having leaf N concentrations (status) below
3% (dry weight basis), and lower leaf chlorophyll and color readings. As the literature on
cultivated crops and wild plants indicates that photosynthetic rate correlates very well with
leaf N when both parameters are expressed on a leaf dry weight basis, an experiment was
initiated to re-evaluate the relationships of rose leaf N status, expressed both on leaf
weight and area basis, and the flower productivity and quality of cut flower yields. The
effect of the rootstock is also under evaluation by comparing the response of plants
growing on their own roots versus being grafted on ‘Natal Briar’, the predominant rootstock
in use today by the greenhouse rose industry.
Nature of Work The production of roses (Rosa x spp. L.) for cut flowers is a very
intensive and costly activity associated with massive applications of water, fertilizers and
chemical inputs, in addition to high energy and labor requirements. This crop is based
primarily on grafted plants growing in heavily amended mineral soils or soilless substrates
that are continuously fertigated with complete nutrient solutions (1, 2). Growers often have
nitrogen (N) concentrations of 150 to 250 mg/L in these solutions. Our previous work on
rose N nutrition has indicated that plant N status – expressed in leaf tissue N
concentrations – usually plateaus with N solutions exceeding 100-120 mg/L. Furthermore,
we observed that leaf N concentrations, expressed on a DW basis, associated with
apparent symptoms of incipient chlorosis were not actually correlated with reductions in
flower yields (3). Conversely, chlorophyll levels and color attributes (hue, chroma and
value) in leaves of harvested flowers correlated linearly with leaf N status. While massexpressed leaf N concentration during the winter months was not a good indicator of rose
plant productivity, optimum flower yields were possible during spring and summer with
concentrations well below the recommended N critical level of 3% N (as low as 2.4%). In
an effort to identify better correlations of leaf N status with rose flower productivity, and
improved N fertilizer use efficiencies, we have initiated an experiment to see if N status
expressed on a leaf area basis improves correlations with flower yield and quality.
Over two decades ago the North- and South-American rose industries switched overnight
to the rootstock ‘Natal Briar’, which significantly eased plant propagation and increased
flower productivities and quality (1, 2, 4). While rose rootstocks were deemed a
requirement in soil-based production systems (4), there is interest in determining whether
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rootstocks are needed in intensive soilless systems (1). Accordingly, our study
incorporated an evaluation of this proposition, employing rose plants grafted on ‘Natal
Briar’ as well as others growing on their own roots.
Mini-plants of rose Peach Avalanche® (on own roots and grafted on ‘Natal Briar’) were
transplanted to #5 containers filled with a peat: pine bark: sand medium (3:1:1 by volume),
and fertigated with a base ½ strength Hoagland formulation until they reached a
commercial production size. After a six-month establishment period the plants started to
be fertigated with six nutrient solutions having N concentrations ranging from 28 to 160
mg/L (Table 1). A total of six plants (replicates) were randomly assigned to each treatment
(6 N solutions x 2 rootstocks = 12 treatments in a factorial arrangement), and placed on
metal benches inside a climate-controlled glasshouse (25°C and 18°C day and night
targets, respectively). The plants received the solutions through Roberts spitters (one per
pot) connected to 0.5 inch tubing manifolds connected to submersible pumps in tanks
holding the six nutrient solutions. Enough solution volumes are applied to all treatments to
produce target leaching fractions of ~25%. Leachate samples are being collected for
chemical analyses.
The plants were managed with pruning practices that produce synchronized flushes of
flowering. Data collected include harvested (cut flower) dry biomass and number of cut
flowers per plant, flower stem length, leaf chlorophyll (SPAD) index and full leaf mineral
analyses. Preliminary results after harvest of four flowering flushes are reported here.
Results and Discussion As in previous studies on nutrient management in roses (3, 4),
we are finding that it takes several flower flushes after onset of treatments to begin to see
any trends or significant differences in flower productivity and quality. In this particular
study, after harvesting four flushes of growth and flowering we have not yet observed
significant differences in dry biomass (Fig. 1, upper plots), number of flowers (data not
shown) and leaf chlorophyll (Fig. 1, lower plots) due to the applied N concentrations or
rootstock treatments.
Despite an apparent lack of yield responses after four harvest events (i.e. flowering
flushes), visually apparent differences in foliage color, hinting of an incipient leaf
interveinal chlorosis were in several plants during the later harvests (H3 and H4). Mineral
nutrient analyses were performed in leaves of harvested flower shoots and correlated with
harvested biomass yields and chlorophyll levels. No relationships were found between
mass-based (%) leaf N concentrations and harvested biomass yields and leaf chlorophyll
(Fig. 2). The expression of leaf N status on an area basis, however, revealed some weak,
yet significant, relationships with leaf chlorophyll levels (Fig. 2). This observation lends
some support to the potential usefulness of expressing leaf nutrient concentrations on a
dry area basis as an option to aid in the diagnosis of incipient nutrient deficiencies or
disorders.
The faint symptoms of an apparent interveinal chlorosis observed in the latter harvests (H3
and H4), pointed, however, to the potential involvement of microelements (1, 2, 7). A quick
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evaluation of the nutrient analyses results (data not shown), pointed out relatively low
concentrations of iron (Fe) and manganese (Mn). While no relationships were observed for
harvested biomass yields and leaf chlorophyll levels with leaf Fe concentrations (data not
shown), highly relevant and significant correlations were observed with leaf Mn,
increasingly higher for harvest 4 and when expressing leaf Mn concentrations on an area
basis (Fig. 2, lower plots). These data and observations suggest that the level of
micronutrients being applied in the treatment solutions has been insufficient to meet the
needs of the cultivar (Peach Avalanche®) and rootstock (‘Natal Briar’) used in this
experiment. This is an interesting observation, as in our previous and extensive (25+
years) body of research on the nutrition of roses we have always used 0.5X Hoagland
micronutrient concentrations (6) supplemented with 1 mg/L iron as Fe-EDDHA.
Manganese deficiencies have been recently reported as common in South-American rose
farms, in part due to low Mn levels found in the in-ground soil beds, but also attributed to
the use of the ‘Natal Briar’ rootstock (5).
In an attempt to alleviate the unexpected involvement of micronutrients in future harvest in
this nitrogen study, we have increased the applied micronutrient levels, to 1.25X Hoagland
concentrations (6). We hope that this correction to the applied micronutrients, Mn and Fe
in particular, will eliminate any potentially confounding effects, and the rose plants express
more distinctive biomass/flower yields and foliage quality responses to the applied
treatment N concentrations. To this end, we will also be employing some of the integrative
nutrient diagnosis (DRIS) approaches that we have recently proposed for rose crops (2,
5).
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Table 1. Fertigation treatments for rose N nutrition study. Ion concentrations in mg/L
(ppm).
N Treatment

Mg++

K+

Ca++ NH4+

NO3-

H2PO4-

SO4=

EC z

28 mg/L (2 mM) 30
146
100
4.2
23.8
48
82
1.66
56 mg/L (4 mM) 30
146
100
8.4
47.6
48
163
1.69
84 mg/L (6 mM) 30
146
100 12.6
71.4
48
245
1.72
112 mg/L (8 mM) 30
146
100 16.8
95.2
48
326
1.75
140 mg/L (10 M)
30
146
100 21.0 119.0
48
408
1.78
168 mg/L (12 M)
30
148
102 25.2 142.8
48
490
1.82
z
EC of final solution (in dS/m), which includes the EC of the tap water (0.5 dS/M) used to
prepare the solutions. Micronutrients added at 0.5X the concentration of a Hoagland
solution formulation, with 1 mg/L Fe-EDDHA.

Fig. 1. Relative dry weight yield and leaf chlorophyll responses of Peach Avalanche®
roses, on own-roots or grafted on ‘Natal Briar’, to fertigation with N concentrations of 28 to
168 mg/L.
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Fig. 2. Relationships between relative dry weight yields and leaf chlorophyll index with leaf
nitrogen (N) and manganese (Mn) in Peach Avalanche® roses fertigated with nutrient
solutions having different nitrogen concentrations.
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