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Abstract: In response to agriculture’s contribution to surface water quality, considerable effort is
being made to develop best management practices to reduce nutrient loss. To evaluate the efficacy
of gypsum as a horticultural media amendment for controlling phosphorus (P) leaching, flue gas
desulfurization (FGD) gypsum was added to a standard horticultural growth medium at 0, 2.5, 5, 10
or 15% (v/v). FGD gypsum was either mixed with the growing medium or placed at the bottom of
the containers. A fast-release or a control-release fertilizer was top-dressed to containers. The greatest
P leaching occurred with the fertilizer-only treatments (no gypsum). Dissolved reactive P (DRP)
losses were highest on the initial day of measurement for the fast-release fertilizer and then decreased
rapidly. There was a delayed release of DRP from the controlled-release fertilizer. Increasing rates of
FGD gypsum addition resulted in decreasing DRP leaching concentration loss and load. The FGD
gypsum decreased leachate DRP concentration loss by a maximum of 75%, with an average decrease
of 46%. Mixing the FGD gypsum with the medium (an easier/less expensive means of incorporation)
was most effective with the fast-release fertilizer. These preliminary results indicate that less gypsum
may be needed to reduce P loss from fast-released fertilizer as opposed to control-release fertilizer.
FGD gypsum remained effective in reducing DRP loss throughout the experiment.

Keywords: flue gas desulfurization gypsum; dissolved reactive phosphorus; nutrient leaching

1. Introduction

Eutrophication has degraded freshwater systems in the US by reducing water quality
and altering ecosystem structure and function [1]. Increased nitrogen (N) and phosphorus
(P) loadings via discharge emanating from diffuse agricultural sources to surface waters
have been implicated as the major underlying cause of accelerated eutrophication. This
has disrupted the functional continuum of aquatic ecosystems by causing diminished
water clarity, harmful and nuisance algal blooms, oxygen-deficient/hypoxic zones, and
degradation of habitats important for living resources [1–7]. Consequently, addressing
nutrient losses derived from agriculture has become a challenging issue because N and P
fertilization is crucial to optimize crop production.

The greenhouse and nursery industry in the U.S. is a major sector of agriculture, with
farm-level sales of approximately $13.8 billion in 2019 [8]. It is known that the horticultural
industry is a significant contributor of nutrient loading to surface and ground water [9–11].
This risk is particularly high for horticultural crops produced in containers. For example, to
sufficiently produce nursey crops in a containerized production system, the application of
large quantities of nutrients and water is required [12]. Containerized soilless media have
low nitrate and phosphate sorption capacities and high hydraulic conductivity, subjecting
them to extensive leaching [13]. In addition, these nutrients are often applied in excess of
plant requirements and may be lost from the system by leaching or runoff before plants can
utilize them for crop production [12,14,15]. Furthermore, horticultural production facilities
often produce multiple crops in a year, exacerbating the potential threat of environmental
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degradation from nutrient loss [12]. Thus, there is a need for adaptive management
practices that mitigate N and P loss from containerized production systems.

Research in recent decades has shown that flue gas desulfurization (FGD) gypsum
can effectively reduce P loss from agricultural fields [16–21]. As a result, corollary interest
in the use of FGD gypsum and its attendant response to P reduction have increased in
recent years for row crops and forage production systems [22]. Furthermore, some state
extension systems have adopted gypsum as a nutrient best management practice [23,24].
Some states have included gypsum into their USDA-NRCS 590 Nutrient Management
Standards (P-Index) [25], and nationally, gypsum use has been adopted as a USDA-NRCS
Conservation Practice standard (CPS 333) [26]. However, this encouraged adoption of
FGD gypsum to abate P loss has primarily targeted crop production systems occurring on
agricultural land.

Despite increased interest in the use of gypsum for agriculture, no study to our
knowledge has documented and confirmed the effectiveness of FGD gypsum to mitigate
P loss from container nursery production systems. It is believed that dissolved reactive
P (DRP) loss would be greatly reduced from nursery containers by adding FGD gypsum
to the soilless media. Research is needed to evaluate the impact adding FGD gypsum has
on nutrient retention from soilless container media. Therefore, the objective of this study
was to investigate P loss from nursery containers amended with FGD gypsum using two
application methods; mixed vs. layered. It is our belief that integrating FGD gypsum into
containerized production systems may become an exemplar best management practice for
mitigating P loss from nurseries as it has with other agricultural systems.

2. Materials and Methods

A nursey container leaching study was conducted for nine weeks from June to August
2019 in an enclosed facility located at the USDA-Agricultural Research Service’s National
Soil Dynamics Laboratory to evaluate the efficacy of using FGD gypsum to reduce P loss
from a horticulture potting medium. Pro-Mix BX General Purpose (Premier Horticulture,
Inc., Quakertown, PA, USA) growing medium composed of 75% to 85% Canadian peatmoss,
perlite, vermiculite, and dolomitic and calcitic limestone was used for this study. The
experimental units consisted of plastic 8 L Gro Pro black square containers (Sunlight
Supply, Inc., Vancouver, WA, USA) that were 24 cm tall, measuring 23 by 23 cm at the top,
and tapering to 18 by 18 cm at the base. A piece of cheesecloth was placed at the base
of each container to minimize media loss. FGD gypsum, collected from a local coal-fired
electrical utility plant (pH~7; moisture ~14%; fine powder) was either mixed with the
growing medium or placed at the bottom of the containers. The media substrate was
amended with 0, 2.5, 5, 10 or 15% FGD gypsum (v/v). Quantities of FGD gypsum supplied
were determined by first establishing the weight of medium needed and then weighing the
appropriate amount of FGD gypsum needed for the appropriated volumetric ratios.

This study also evaluated the influence of using FGD gypsum to reduce P loss in
leachate between a controlled-release fertilizer system and a fast-release fertilizer delivery
system. Osmocote® 14-14-14 (Scotts Company LLC, Marysville, OH, USA) was used as
the controlled-release fertilizer source and a blend of urea (46-0-0), triple super phosphate
(0-46-0) and muriate of potash (0-0-60) was used as the fast-release fertilizer. Osmocote®

14-14-14 is commonly used in Alabama nursery productions because it can continuously
release nutrients for 3 to 4 months. The controlled-release fertilizer was applied at the man-
ufacturer’s recommended rate per container for topdressed placement (58 g per container).
The fast-release fertilizer blend was applied at the same N-P-K fertilizer rate as that of the
controlled-release fertilizer. All treatments were maintained fallow (not containing a plant).

One day prior to initiating the leaching study, the containers were watered to satura-
tion based on the average of four extra containers designated for this purpose (~2500 mL
water added to each container). We estimated saturation by measuring the amount of
water needed for containers to reach drip point (i.e., when water initially begins to drip
from drain holes). Afterwards, the containers were leached daily for the first three weeks,
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except weekends. Additional water was added on Mondays following the weekend to
compensate for leaching losses that may have occurred over the weekend. After week
three, containers were leached weekly, adding the amount of water needed to compensate
for the days in between leaching. To promote leaching, tap water was delivered by pouring
500 mL through a diffuser placed approximated 5 cm above the containers. The containers
were then allowed to drain for 30 min. Leachate water was collected in large trays (~61 cm
by ~41 cm) placed under each container and the volume of water recorded to determine
leachate load; there were a total of eight leachate collections in this study. Source water
samples from each leaching event were also collected to determine background nutrient
concentrations.

After leachate collection, the samples were centrifuged, vacuum filtered through
a 0.45 µm membrane, acidified with concentrated HCl, and then stored at 4 ◦C until
analysis. The filtered samples were analyzed for DRP using the Bran-Luebbe Autoanalyzer
(Bran-Luebbe, Norderstedt, Germany). This method of determining DRP uses colorimetric
procedures as described by Kovar and Pierzynski [27].

This study was conducted as a 2 (fertility sources—slow-release vs. controlled-release)
X 4 (gypsum application rates—2.5, 5, 10, and 15 % v/v) X 2 (application methods—mixed
vs. separated) factorial arrangement plus 2 fertilizer controls (controlled-release and fast-
release without gypsum) in a completely randomized design with 4 replications, totaling
72 experimental units. Statistical analyses for each response variable in this experiment
were performed using analysis of variance (ANOVA) with the PROC Glimmix procedure
of SAS 9.4 [28] to determine treatment effects. Fisher’s protected LSD values were used
to identify significant differences among treatments. A significance level of p = 0.05 was
established a priori, and differences between 0.05 and 0.10 were considered significant
trends. Significant differences (p = 0.05) were observed among dates, between fertility
source, and between gypsum application method, thus they were analyzed separately.
Regression analysis was used to investigate the response of DRP concentration losses to
increasing FGD gypsum application rates (0, 2.5, 5, 10 and 15% v/v).

3. Results and Discussion

Significant reductions in DRP losses were observed in this study with the addition of
gypsum. Visual differences among FGD gypsum treatment were observed, with higher
rates having lighter color and increased clarity (Figure 1). Dissolved reactive P loss was
significantly different between fertilizers (fast- vs. controlled-release), gypsum application
method (mixed vs. bottom of container), and among days; thus, P concentrations losses
and loading are presented separately by fertilizer, gypsum application method, and day.

DRP concentration losses were significantly affected by FGD gypsum on most sam-
pling days. With fast-release fertilizer when gypsum was placed at the bottom of the media
no differences were observed on day 171, 189, and 196 (Table 1). Further, no differences
were observed for the controlled-release fertilizer when FGD gypsum was mixed on day
172 or when placed at the bottom of the container and on day 196 (Table 2). For the fast-
release fertilizer source, DRP losses were highest on the initial day of measurement and
decreased rapidly over time, while there was a delayed release for DRP loss observed from
the controlled-release fertilizer source. Others have also reported a delay in the release of P
from controlled-release fertilizer in nursey crop production research [29–32]. Fast-release
fertilizers, which are commonly water soluble, typically release nutrients shortly after
initial watering [33]. This makes nutrients readily available for either plant uptake or
leaching [34,35]. Alternatively, controlled-release fertilizers are generally coated so that
nutrient diffusion occurs over a longer period of time [36] allowing plant uptake to be more
synchronized with fertilizer release.
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Table 1. Temporal changes in dissolved P concentration leaching losses observed over time from containers in 2019 as
affected by FGD gypsum mixed with medium or placed at the bottom of containers fertilized with a fast release fertilizer.

Application
Method

Gypsum
Rate

Sampling Day of Year
171 172 176 179 183 189 196 234

Inorganic P (mg L−1)

mixed

0 167.82 a 90.38 a 13.37 a 27.01 a 62.09 a 72.12 a 95.95 a 62.86 a
2.5 115.10 ab 80.62 a 4.88 b 8.50 b 17.19 b 27.42 b 29.76 b 26.33 b
5 108.18 ab 72.65 ab 3.82 b 4.66 bc 13.42 b 21.38 bc 29.21 b 22.09 b

10 95.79 b 67.01 ab 3.21 b 2.33 c 9.84 b 21.94 bc 25.83 b 17.66 b
15 62.98 b 52.53 b 2.91 b 3.64 bc 9.30 b 17.03 c 26.22 b 5.17 c

p > F 0.048 0.067 0.006 <0.001 <0.001 <0.001 <0.001 <0.001

separated

0 167.82 a 90.38 a 13.37 a 27.01 a 62.09 a 72.12 a 95.95 a 62.86 a
2.5 145.80 a 82.86 a 8.18 ab 13.68 b 50.38 b 70.87 a 94.23 a 60.10 a
5 121.10 a 69.79 ab 4.18 bc 10.14 bc 33.33 c 69.72 a 93.78 a 44.27 b

10 103.99 a 55.42 b 2.67 c 7.24 bc 12.60 d 56.43 a 79.64 a 27.81 c
15 95.81 a 50.59 b 1.17 c 5.63 c 12.01 d 52.27 a 76.15 a 25.89 c

p > F 0.269 0.016 0.001 0.001 <0.001 0.171 0.365 <0.001

Values within the same column for a nutrient with common letters are significantly different at p < 0.05 and are considered significant
trends at p < 0.10.

Table 2. Temporal changes in dissolved P concentration leaching losses observed over time from containers in 2019 as affected
by FGD gypsum mixed with medium or placed at the bottom of containers fertilized with a controlled-released fertilizer.

Application
Method

Gypsum
Rate

Sampling Day of Year
171 172 176 179 183 189 196 234

Inorganic P (mg L−1)

mixed

0 105.13 a 96.96 a 99.25 a 76.94 a 91.73 a 73.57 a 66.43 a 58.54 a
2.5 98.81 a 86.94 a 67.30 b 49.03 b 76.70 a 60.63 b 46.58 b 40.21 b
5 87.40 ab 80.64 a 62.57 b 49.65 b 48.84 b 54.19 b 42.03 b 33.70 c

10 69.05 bc 67.22 a 46.61 c 36.77 bc 35.38 b 34.87 c 34.59 c 29.77 c
15 62.17 c 63.85 a 38.14 c 22.65 c 13.42 c 23.78 d 26.00 d 30.86 c

p > F <0.001 0.452 <0.001 0.005 <0.001 <0.001 <0.001 <0.001

separated

0 105.13 a 96.96 a 99.25 a 76.94 a 91.73 a 73.57 a 66.43 a 58.54 a
2.5 82.66 ab 84.68 ab 55.24 b 66.25 ab 47.02 b 61.01 ab 62.07 a 41.82 b
5 69.05 bc 72.65 ab 53.17 b 55.15 b 49.63 b 58.46 bc 55.36 a 37.21 bc

10 58.35 bc 55.14 bc 19.13 c 40.33 c 41.39 b 50.58 bc 56.00 a 27.45 c
15 55.53 c 43.04 c 7.66 c 17.63 d 36.06 b 45.79 c 54.77 a 29.60 c

p > F 0.007 0.022 0.001 <0.001 <0.001 0.013 0.568 0.001

Values within the same column for a nutrient with common letters are significantly different at p < 0.05 and are considered significant
trends at p < 0.10.
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During leaching events occurring shortly after treatment application, DRP concen-
trations losses ranged from 168 to 56 mg L−1, where the maximum was observed for the
fast-release fertilizer-only control treatment. DRP concentration loss from the fertilizer-only
control treatment was consistently highest for each leaching event. A favorable response
was observed for the use of FGD gypsum as an amendment in the potting medium, substan-
tially reducing DRP losses to leaching for both fast-release (Table 1) and controlled-release
(Table 2) fertilizer. Most FGD gypsum additions decreased DRP loss, with losses tending to
be lower as gypsum rates increased.

Overall, mixing gypsum into the medium lowered (p < 0.001) DRP loss (48.6 mg L−1)
compared to having a separate layer at the bottom of the container (56.1 mg L−1); analysis
showed that this was true only for the fast-release fertilizer (57.2 = 56.4 = 55.7 > 40.0, for
mixed controlled-release, separated controlled-release, separated fast-release, and mixed
fast-release treatments, respectively). Adding FGD gypsum to the containers decreased
leachate DRP loss by a maximum 75%, with an average decrease of 46%. In general, as
the amount of FGD gypsum increased, DRP loss decreased. Reductions in P loss could be
a result of gypsum reacting with soluble P to form insoluble Ca–P complexes [37], such
as hydroxyapatite and fluorapatite [38]. Shreckhise et al. [39] evaluate the influence of
using dolomite on the reduction in P loss from nursey containers. Similar to our results,
they observed reduction in P loss to leaching with the addition of dolomite when com-
pared to fertilized substrate with no amendments. Previous research has also shown that
gypsum can reduce DRP losses from agricultural fields receiving poultry litter [17–20,40],
poultry lagoon effluent [16], or from soils high in P [41]. This is the first work we are
aware of showing reductions in P loss from horticultural container systems following
gypsum addition.

It is also important to note that the findings from this study show the effectiveness
of using FGD gypsum to reduce DRP loss observed at the beginning as well as at the end
of this study, indicating that not all of the FGD gypsum applied had dissolved. Results
from this study indicate that reducing P loss with FGD gypsum was effective over the
9-week experiment period. This shows that FGD gypsum may be used as a tool to reduce P
loss from horticultural containers and suggests that growers could potentially reduce total
loading of nutrients in runoff by adding FGD gypsum to their potting media. This could
have great benefits in areas with strict water quality requirements or where environmental
quality is a concern.

Phosphorus loading data (mg), a product of leachate volume and nutrient concentra-
tion, generally followed similar treatment patterns (regarding fertilizer type and application
method) as were observed for P concentration data (Tables 3 and 4). This is a result of the
FGD gypsum not having a major nor consistent effect on leachate volume.

When averaged across all dates, mixing FGD gypsum with the fast-release fertilizer
was very effective at reducing P loss at all rates (Figure 2). In contrast, placing the FGD
gypsum in a separate layer at the bottom of the container showed lower P loss from the
fast-release fertilizer. Further, increasing rates of FGD gypsum showed more stepwise
reductions in P loss. When included with the controlled-release fertilizer, response of P
loss to FGD gypsum rates showed similar stepwise patterns for both mixed and layered
treatments (Figure 3). Linear regression analyses showed similar significant (p ≤ 0.002)
responses to the FGD gypsum rate for all combinations of fertilizer type and placement.
However, the controlled-release fertilizer showed a better linear fit to the data as evidenced
by higher r2 values (0.361, 0.380, 0.120, and 0.080 for mixed controlled-release, separated
controlled-release, mixed fast-released, and separated fast-release treatments, respectively).
As was mentioned for Tables 3 and 4, averaged P loading showed patterns similar to P
concentration (Figures 4 and 5).
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Table 3. Temporal changes in dissolved P leaching load observed over time from containers in 2019 as affected by FGD
gypsum mixed with medium or placed at the bottom of containers fertilized with a fast release fertilizer.

Application
Method

Gypsum
Rate

Sampling Day of Year
171 172 176 179 183 189 196 234

Inorganic P Load (mg)

mixed

0 62.26 a 23.55 a 3.35 a 7.23 a 16.41 a 33.56 a 42.17 a 19.31 a
2.5 38.57 b 24.29 a 1.57 b 2.84 b 5.91 b 12.91 b 13.83 b 8.94 b
5 36.27 b 22.15 a 1.15 b 1.49 bc 3.01 bc 10.33 bc 13.17 b 7.16 b

10 40.56 ab 21.11 a 1.11 b 0.83 c 3.59 bc 10.67 b 12.09 b 6.04 b
15 27.15 b 18.55 a 1.00 b 1.28 bc 5.97 c 8.07 c 11.84 b 1.56 c

p > F 0.056 0.669 0.022 <0.001 <0.001 <0.001 <0.001 <0.001

separated

0 62.26 a 23.55 a 3.35 a 7.23 a 16.41 a 33.56 a 42.17 a 19.31 a
2.5 49.24 a 23.29 a 2.69 a 4.48 b 16.70 a 33.19 a 41.42 ab 19.89 a
5 39.73 a 19.52 ab 1.28 b 3.11 b 10.07 b 32.06 ab 39.32 ab 13.17 b

10 41.24 a 17.20 ab 0.84 b 2.25 b 3.97 c 25.23 ab 31.04 bc 7.48 c
15 37.28 a 15.85 b 0.39 b 1.84 b 3.67 c 23.06 b 28.31 c 6.62 c

p > F 0.302 0.111 0.002 0.004 <0.001 0.090 0.049 <0.001

Values within the same column for a nutrient with common letters are significantly different at p < 0.05 and are considered significant
trends at p < 0.10.

Table 4. Temporal changes in dissolved P leaching load observed over time from containers in 2019 as affected by FGD
gypsum mixed with medium or placed at the bottom of containers fertilized with a controlled-released fertilizer.

Application
Method

Gypsum
Rate

Sampling Day of Year
171 172 176 179 183 189 196 234

Inorganic P Load (mg)

mixed

0 36.90 a 26.12 a 28.03 a 21.54 a 25.94 a 33.24 a 27.93 a 17.93 a
2.5 28.82 ab 25.12 a 22.87 ab 16.43 ab 26.72 a 28.31 b 21.15 b 14.03 b
5 27.11 ab 23.42 a 20.58 bc 16.38 ab 16.57 b 25.53 b 19.04 b 10.91 c

10 25.02 b 21.26 a 15.65 cd 13.14 ab 13.07 b 17.00 c 16.06 c 9.69 cd
15 23.41 b 21.50 a 13.24 d 8.07 b 4.69 c 11.54 d 11.85 d 8.87 d

p > F 0.086 0.884 0.001 0.069 <0.001 <0.001 <0.001 <0.001

separated

0 36.90 a 26.12 a 28.03 a 21.54 ab 25.94 a 33.24 a 27.93 a 17.93 a
2.5 25.90 b 23.67 a 20.06 b 22.76 a 16.09 b 29.29 ab 28.24 a 15.11 ab
5 20.55 b 21.63 ab 17.88 b 16.97 b 16.26 b 26.89 abc 23.48 a 12.67 b

10 21.59 b 17.64 ab 6.13 c 12.11 c 12.19 bc 22.75 bc 22.32 a 7.92 c
15 22.38 b 13.74 b 2.41 c 4.99 d 9.83 c 20.79 c 21.37 a 8.38 c

p > F 0.011 0.103 <0.001 <0.001 <0.001 0.013 0.258 <0.001

Values within the same column for a nutrient with common letters are significantly different at p < 0.05 and are considered significant
trends at p < 0.10.
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Findings from this study suggest that mixing FGD gypsum with growth media was
more beneficial at reducing P loss than placing gypsum in a layer at the bottom of the
container. One explanation for this is that when gypsum is placed at the base of container,
it can only react with the soluble P during a leaching event. In other words, it intercepts
the P in the leachate before it leaves container. On the other hand, when gypsum is mixed
into the media it has a chance to interact with the soluble P while it is still in the media.
Thus, it can be more effective at removing the P before it is even starting to move with the
leachate water. As for the slow-release fertilizer, it is encased within a polymer coating. The
polymer coating allows water to pass into the prill, allowing it to solubilize the fertilizer
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and then release the P slowly. Thus, the gypsum is in contact with the polymer coating
rather than the fertilizer until it is available in the media.

From a production standpoint mixing, should be an easier and less expensive means
of incorporating gypsum into containers. These preliminary data suggest that less gypsum
may be needed to reduce P loss from fast-release fertilizer; however, if controlled-release
fertilizers are used, increasing the amount of gypsum will be beneficial in reducing P loss.
These results require verification; further investigation is also needed in container systems
with plants to determine the overall benefits that FGD gypsum may have on containerized
crop production. It would also interesting to determine whether FGD gypsum can be used
as a lime replacement.

4. Conclusions

Data from this study show that FGD gypsum can be used as a management tool to
reduce DRP loss to leaching from horticultural potting media. Furthermore, reductions in P
loss were observed regardless of whether the FGD gypsum was mixed with the medium or
placed at the bottom of the container. However, mixing the FGD gypsum was more effective
at achieving P reductions when a fast-release fertilizer source was utilized. Phosphate
concentrations in leachate decreased with increasing gypsum application rates up to 15%
(v/v). Reductions were observed throughout this study, indicating that FGD gypsum
effectively reduced P loss for at least 2 months. These results show that a producer could
potentially reduce their environmental footprint by utilizing gypsum in containerized
media. Future research should evaluate effects of higher rates of gypsum on P loss over
longer timeframes from media potted with differing horticultural crops.
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