
Citation: Abdi, D.E.; Blanchard, J.;

Fields, J.S.; Santos, L.; Beasley, L.;

Beasley, J. Reducing Anion Nutrient

Leaching Losses from a Short-Cycle

Container-Grown Crop (Tagetes

patula) Using Activated Aluminum.

Agriculture 2023, 13, 1028.

https://doi.org/10.3390/

agriculture13051028

Academic Editor: Rosario

Paolo Mauro

Received: 6 April 2023

Revised: 4 May 2023

Accepted: 5 May 2023

Published: 9 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Reducing Anion Nutrient Leaching Losses from a Short-Cycle
Container-Grown Crop (Tagetes patula) Using
Activated Aluminum
Damon E. Abdi 1,* , Jennifer Blanchard 2, Jeb S. Fields 1 , Leticia Santos 2, Lily Beasley 3 and Jeffrey Beasley 2

1 Hammond Research Station, Louisiana State University Agricultural Center, 21549 Old Covington Highway,
Hammond, LA 70403, USA

2 School of Plant, Environmental, and Soil Sciences, Louisiana State University Agricultural Center,
226 J.C. Miller Hall, Baton Rouge, LA 70803, USA

3 Independent Researcher, 600 West Arlington Blvd., Greenville, NC 27834, USA
* Correspondence: dabdi@agcenter.lsu.edu

Abstract: Short-cycle horticulture crops often rely on fertigation to provide immediately available
nutrients. This practice poses an environmental threat when nutrients, particularly phosphorus,
leach from containers and enter waterways. One method that could be used to reduce the loss of
phosphorus and other key anions from horticultural crops is incorporating activated aluminum into
container substrates. This study investigates the incorporation of three rates of activated aluminum
into a pine bark substrate, and the effects this amendment may have on the container leachate nutrient
content and the growth of a popular short-cycle crop (Tagetes patula, French marigold). The addition
of activated aluminum reduced the cumulative mass of phosphorus in container leachate by 69–96%
compared to a standard pine bark substrate. The growth index and subjective plant quality scores of
Tagetes were equivalent between the activated aluminum-amended substrates and pine bark only
substrates, in all cases, producing a salable, quality crop. This study demonstrates that incorporating
activated aluminum into container substrates is an effective way to reduce phosphorus loss to the
environment without sacrificing crop quality.

Keywords: container-crop; fertigation; fertilizer; floriculture; leachate; phosphorus; Tagetes

1. Introduction

Fertilizers are applied in the nursery industry to accelerate plant growth to produce
larger, salable plants within shorter production cycles [1]; however, the nutrients applied
to container-grown plants are prone to movement, particularly if the plants are grown in
organic substrates with low nutrient and water-holding capacities [2–5] and subject to high
irrigation and/or precipitation volumes [6–8]. The offsite movement of fertilizers applied
in agricultural operations are a concern because nutrients from these sources have been
identified as contributing to surface water impairment [9].

Concerns for environmental stewardship have led the greenhouse and nursery indus-
tries to develop and refine the best management practices (BMP) to reduce offsite nutrient
movement [9,10]. The current nutrient best management practices (BMP) include alter-
ing nutrient sources to use less soluble, slowly available forms [7,11–13], properly timing
fertilizer applications [14], reducing fertilizer application rates [15,16], applying fertilizers
with appropriate N and P ratios [17], reducing container leaching and runoff volumes
via improved irrigation application methods and timing [6,18], and capturing runoff for
treatment or recycling [19–22]. However, implementing nutrient BMP can be difficult
or cost-prohibitive when growing short-cycle crops due to nutrient availability concerns
during abbreviated production schedules. For example, Sanders and Beasley [23] found
that controlled-release fertilizers (CRF) were an acceptable alternative to water-soluble
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fertilizers (WSF) to reduce P leaching during a 56-day coleus (Plectranthus scutellarioides
(L.) Codd.) production cycle, but noted that CRF-coleus lagged in growth versus WSF-
coleus in the first 28 days after planting. These results emphasize grower concerns that
implementing nutrient BMP could negatively impact the growth of short-cycle crops or
extend the period of production to increase costs.

A simple method that could easily be adopted for short-cycle crops that would allow
the use of water-soluble nutrient sources yet curb nutrient losses is the use of substrates
that retain targeted nutrients [3,24,25]. Substrates commonly used in the greenhouse and
nursery industries often contain components with high cation exchange capacities (CEC)
such as peat (or other organic derivatives) or mineral aggregates to increase water and
nutrient retention [12,26–28]. High-CEC characterization of a substrate component does not
always confer high anion exchange—meaning essential anionic macro- and micro-nutrients
including P, S, B, and Mn may not be as readily adsorbed. This has led to reports of high P
leaching in many horticultural crops growing in porous, soil-less substrates, even though
HP2O5

−2 and H2P2O5
− have a high affinity for positively charged sites on soil and organic

particles [29,30].
Activated aluminum (AA), a white, hardened granular substance, formed through the

dehydroxylation of aluminum hydroxide, is commonly utilized in water filtration [31–33]
for the removal of arsenic and fluorine in potable water and may serve as a potential sub-
strate amendment that could increase anionic nutrient retention [34]. Activated aluminum
has a high porosity, surface area, and anion affinity, and is relatively inexpensive due to its
use in many products across various industries [35–38]. To date, AA has been utilized in the
horticultural industry as a slow-release P fertilizer, and a patented process was developed
in which AA is impregnated with P to provide a more controlled release mechanism to
support plant growth [39,40].

The use of Al-based products draws immediate concern by those in the horticultural
industry, given the phytotoxic effects of high concentrations of Al on plant growth with
commonly displayed symptoms of severe root decline and nutrient deficiencies [41–45].
Aluminum comprises approximately 8% of the earth’s crust, typically existing in soils as
Al-oxides and aluminosilicate minerals that are influenced by soil properties including pH,
cation exchange capacity, and organic matter content [44]. Toxic Al concentrations in highly
weathered clay soils in humid regions of the United States require routine pH management
to provide suitable growing conditions [46,47]. Similarly, substrate pH is adjusted through
lime incorporation to counter the acidifying effects of peat or pine bark for containerized
plants [48–52]. In contrast to soil aluminum, AA is a processed, comparatively stable
substance between pH 4 and 10 [53], a range that spans the recommended pH of substrates
primarily used for most containerized horticultural species [48], and would not be expected
to have deleterious effects on Tagetes patula, a model short-cycle container crop.

The benefit of AA is that it would increase substrate anion nutrient retention to reduce
anion leaching and enhance plant growth. This would mitigate the environmental risks
associated with fertigation without necessitating any modification to standard fertigation
practices. Therefore, the objective of this research is to evaluate the efficacy of AA as a
substrate amendment to reduce anion nutrient losses without deleteriously affecting plant
growth during the production of short-cycle ornamental species.

2. Materials and Methods
2.1. Study Design

A study was conducted on French marigolds (Tagetes patula) growing under green-
house conditions for 28 days. Experiments were initiated between June 2020 (Exp1) and
August 2022 (Exp2) at the Hill Farm teaching greenhouse on the Louisiana State University
Campus located in Baton Rouge, LA, USA (30.41384 N, −91.17087 W). Sixteen marigolds
grown in six-cell trays were selected for uniform height and quality and were then trans-
planted into PVC containers (10 cm diameter and 20 cm depth). All containers were filled
with 1.07 kg of a pine bark-based substrate that consisted of a 6:1:1 ratio of pine bark/peat
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moss/sand. Dry weight pine bark particles comprised 4.1% >6.3 mm, 11.4% 2 to 6.3 mm,
12.8% 0.7 to 2 mm, and 71.7% <0.7 mm. Particle size was determined by passing three oven-
dried 100 g replicates through a column of sieves, agitating and shaking for five minutes
using a Ro-Tap sieve shaker (W.S. Tyler, Mentor, OH, USA), after which particles remaining
on each sieve were weighed to calculate percentages. The substrate had a container capac-
ity, total porosity, and bulk density of 0.55 ± 0.024 cm3 cm−3, 0.7 ± 0.001 cm3 cm−3, and
0.46 ± 0.002 g cm−3, respectively, and a pH 5.97 and 0.31 dS m−1 electrical conductivity
(EC). The substrate was amended with a micronutrient mix (Micromax Micronutrients,
Burton, Ohio, USA) at 0.6 kg.m−3, dolomitic lime (MK Minerals, Inc., Wathena, KS, USA)
at 4.8 kg.m−3, and treatments of AA (Riverland Industries, Baton Rouge, LA, USA) at 0, 20,
40, or 60 g per container.

Marigolds were fertigated daily with 200 ppm N, 88 ppm P, and 166 ppm K using
a water-soluble fertilizer (20-20-20; Fertilome, VPG, Bonham, Texas) to reach container
capacity. Changes in daily container capacity were measured gravimetrically for all control
plants with average water losses calculated.

2.2. Plant Growth Measurements

Marigold growth index and plant quality were measured every seven days after
planting (weeks after planting; WAP). Marigold growth index was calculated using the
following plant growth index formula [54]:

Plant Growth Index =
height +

(width1+width2
2

)
2

Marigold quality measurements were performed based on visual appearance on a
scale of 1 to 9, with 1 representing poor plant size and color, and 9 representing ideal plant
size and color. Shoot tissue was excised at the plant soil surface interface at 4 WAP. Shoots
were dried at 40 ◦C (104 ◦F) for 72 h before biomass was determined gravimetrically.

2.3. Leachate Collection and Analyses

Containers were fitted with end caps with a single drainage hole. Containers were
placed into a wooden frame so that leachate could be captured beneath each container into
glass jars. Leachate was induced through the addition of 300 mL H2O every WAP for four
weeks. Leachate volume was measured with 25 mL subsamples collected and submitted
to the Louisiana State University Soil Testing and Plant Analysis Laboratory (Louisiana
State University, Baton Rouge, LA, USA) for quantitation of dissolved elements including
P, S, Mn, Al, and B using inductively coupled plasma (ICP) optical emission spectroscopy
(ICP SPECTRO ACRCOS Model FH E12, Kleve, Germany). Leachate samples were also
measured for pH and EC (model HI-9813-6, Hanna Instruments, Smithfield, RI, USA) only
in the second experiment.

2.4. Statistical Analysis

Two-way repeated measures of ANOVA were performed to determine whether there
is a significant interaction between treatment and time on each variable. Linear fixed effect
for repeated measurement models were conducted using the function aov from package
stats in R (R Core Team, 2020, Vienna, Austria). Significant models were further analyzed
by performing pairwise comparisons with Tukey’s adjustment between treatments with
an outcome at α = 0.05. Marigold growth index, plant quality, and metal mass losses over
time were graphed with standard errors applied to means.

Cumulative values for each variable were also analyzed to evaluate if treatments were
significantly different. The experiment was determined as a random effect. Models were
fitted using lmer from the package lme4 also in R. p-values were considered significant at
α = 0.05 and comparisons were made with Tukey’s adjustments.
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3. Results
3.1. Marigold Growth and Quality

All marigolds grew rapidly in the first three weeks after planting with no differences
among the AA-amended substrate treatments and controls (Figure 1).
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Figure 1. Growth index of Tagetes in substrates blended with various proportions of activated
aluminum (AA).

At the conclusion of the experimental runs, the marigolds achieved growth indices
ranging from 17.2 to 21.9 cm. The final plant quality ratings indicated that a similar caliber
of plant quality was produced across all substrate types. The increasing amounts of AA
amended within the substrate appeared to have no deleterious effect on marigold growth
and quality during the four-week production cycle. Although the flowering ratings were
not recorded, there was no observed effect of AA on marigold flowering.
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3.2. Aluminum Leached

There were no consistent patterns in weekly (Figure 2) or cumulative leaching losses
of Al (Table 1) between all treatments.
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Figure 2. Weekly mass of aluminum leached from substrates blended with various proportions of
activated aluminum (AA) over the course of two experiments.

Table 1. Average total mass of elements collected in leachate from substrates amended with various
proportions of activated aluminum (AA) over the course of two experiments. Differences between
treatment means, when significant, are represented by different letters.

Average Cumulative Mass Collected in Leachate (mg)

0 g AA 20 g AA 40 g AA 60 g AA

Aluminum 1.90 (a) 1.52 (a) 1.31 (ab) 0.89 (b)
Phosphorus 78.9 (a) 21.6 (b) 8.53 (b) 5.78 (b)

Boron 0.63 (a) 0.34 (b) 0.18 (c) 0.17 (c)
Manganese 3.96 (a) 0.54 (b) 0.11 (b) 0.11 (b)

Sulfur 107 (a) 42.0 (b) 8.02 (c) 4.32 (c)
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The mass of the aluminum in the container leachate averaged below 1 mg for the
control and all AA treatments on all sample days during both studies. There were no
differences in the mass of aluminum leached from any of the AA treatments on any
individual sample date; however, the control had more aluminum leaching in one WAP
during experiment two. The cumulative mass of Al leached was similar among the AA
treatments and controls, save for the 60 g of AA treatment leaching less total aluminum
than the control. The cumulative mass of Al leached was between 0.8 and 2.2 mg for all
treatments and experimental runs.

3.3. Nutrient and Leaching Losses

Increasing the AA mass from 20 to 60 g resulted in greater substrate nutrient retention
to reduce cumulative P, S, B, and Mn leaching losses (Table 1). For example, amending the
substrates with 20 g of AA reduced cumulative P losses between 69 and 87 percent of the
control (POC) compared to 92 to 96 POC for 60 g of AA. A similar pattern measured for the
cumulative P leaching losses also occurred for the cumulative B, Mn, and S leaching losses
as the AA increased from 20 to 60 g within the container substrates. It is worth noting
that tripling the mass of AA from 20 to 60 g did not necessarily lead to corresponding
reductions in anionic nutrients leached, but that the reduction in losses were higher and
more consistent at 60 g of AA. The greatest gradient change in nutrient retention occurred
when the AA mass increased from 20 to 40 g. Amending a substrate with 40 g of AA led
to higher and more consistent reductions for S, B, and Mn in both experimental runs, as
well as P in the first experimental run, compared to 20 g of AA. In experiment one, the total
amount of P lost in leachate was reduced by 69, 88, and 92% compared to the control for
the substrates with 20, 40, and 60 g of AA, respectively. In experiment two, the amount of
cumulative P that was lost in leachate was reduced by 87, 92, and 96% compared to the
control for substrates with 20, 40, and 60 g of AA, respectively.

Accounting the cumulative losses of nutrients does characterize AA’s nutrient re-
tention properties as an amendment throughout the 4-week production cycle. However,
the patterns of the nutrients leached over the production cycle provides insight into the
retentive properties of AA with regard to the AA amendments (Figures 3 and 4).

The patterns for S, B, and Mn losses followed the typical leaching loss curves illus-
trated in past research examining substrate-incorporated nutrients prior to planting with
no subsequent fertilizer additions. The nutrient leaching losses for S, B, and Mn were
the highest in the initial WAP followed by declining losses over time, with the controls
exhibiting the highest losses followed by decreasing masses of AA. The incorporation of AA
at 40 and 60 g exhibited similar loss patterns with higher reductions in the initial nutrient
leaching losses occurring in the first two WAP compared to the controls and the 20 g of
AA treatment. Increasing the nutrient retention with 40 and 60 g of AA led to a reduced
cumulative nutrient loading compared to 20 g of AA and controls.

Unlike S, B, and Mn, the P leaching losses increased substantially over the first three
WAP for the controls, whereas all the AA treatments resulted in a higher P retention in the
initial two WAP before exhibiting increasing P leaching losses. Decreasing the mass of AA
from ≥40 g of AA to 20 g of AA resulted in increasing P leaching losses at three and four
WAP, albeit all the AA treatments were significantly lower than the controls. Amending
the substrate with 40 or 60 g of AA resulted in the most consistent reductions in P leached
for the 4-week production cycle.
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The incorporation of AA not only affected the pattern of nutrient loss over the 4-week
production cycle but also the magnitude of nutrients lost between experimental runs for S,
B, and Mn compared to P. The magnitude of S, B, and Mn leached between experimental
runs was similar as illustrated in Figures 3 and 4, with the exception of the macronutrient
S at high losses of 75.9, 30.9, 2.7, and 0.6 mg one WAP for the control, 20, 40, and 60 g of
AA, respectively, in the first experimental run, compared to 52.9, 9.4, 4.0, and 2.3 mg in the
second experimental run. In the case of P, this resulted in a pattern of increasing P losses
weekly, but the magnitudes of the highest P lost were 127.9 and 29.9 mg total after four
WAP for the first and second experimental runs, respectively.

All containers received the same daily volume of irrigation based on the average
evapotranspiration of the sand-only controls per experimental run. However, evapotranspi-
ration greatly differed between the two experimental runs with 4539 mL versus 1978 mL of
fertigation volume applied containing 399.4 mg P versus 174.2 mg P, respectively, between
the first and second experimental runs. The electrical conductivity (EC) was measured
throughout the duration of the second experiment (Figure 5), providing a non-ion-specific
assessment of the nutrient movement in the container leachate.
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Figure 5. Electrical conductivity in leachate from substrates amended with various proportions of
activated aluminum (AA) over the course of experiment two.

The control maintained a container leachate EC of >1.1 mS cm−1 throughout the entire
study and was greater than the substrates amended with 40 and 60 g of AA, respectively,
on each individual sample date. The EC in the container leachate increased over time
within each substrate; however, the most pronounced effects were observed in the first two
WAP, where the leachate EC from all AA-amended substrates was below 0.8 mS cm−1. The
leachate pH was similarly measured throughout the second experiment, with all substrates
maintaining an acidic pH over the first three WAP (control: 3.76; 20 g of AA: 4.92; 40 g
of AA: 4.56; 60 g of AA: 4.6); however, all three AA-amended substrates had a pH that
was neutral to slightly alkaline on the fourth and final WAP (20 g of AA: 7.03; 40 g of AA:
7.33; 60 g of AA: 7.48) compared to the mild decrease in acidity observed in the control
(pH of 5.78).
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4. Discussion

The production of short-cycle horticultural crops demands readily available provisions
of fertilizer, rendering the application of water-soluble fertilizers via fertigation an often-
times necessary component in the process [55,56]. A critical concern regarding the practice
of fertigation is balancing the crop nutritional needs with the risk of nutrient loss to the
environment, particularly with the deleterious impacts of eutrophication occurring globally.
While both N and P are culpable in this phenomenon, it is indeed P that is often the more
bioactive element, particularly in freshwater ecosystems [57]. As a management practice,
nutrients are often overapplied to ensure that plant growth is unrestricted [2]. Reducing
the amount of P applied via fertigation can lessen the downstream environmental risk;
however, this may be impractical as the wide array of commonly produced ornamental
taxa have different P requirements needed to achieve peak productivity, morphological
form, and photosynthetic performance [58]. Therefore, this study investigated amending
substrates with Al compounds to adsorb and retain P within a container, thus mitigating the
environmental risks presented by excessive P loss to the environment without neglecting
crop P requirements.

The substrates amended with AA demonstrated a substantial capacity to reduce
leached P. Phosphorus is subject to AA-sorption mechanisms such as surface complexation
and surface precipitation under different pH and P loading conditions, severely restricting
the mobility and bioavailability of this element [59–61]. This manifested in the increases
over time in effluent P in leachate from the control substrate juxtaposed with the compar-
atively stable masses of effluent P from the AA-enhanced substrates. This indicates that
increasing amounts of Al in a substrate provides enhanced buffering capacity for P flux, as
more sites are available for P adsorption. While increasing the amount of AA in a substrate
created a more muted, stable mass of P in container leachate over time, the incorporation of
20 g of AA was typically as successful as the higher AA rates in accomplishing this purpose.

The incorporation of AA into substrates was not met with a concomitant increase in
Al mass in container leachate. In fact, the unamended substrate had a greater leachate
mass of Al on the first sample date of Exp2, compared to all AA-enhanced substrates.
Overall, the Al from container leachate in this study were similar to the extent that they
all maintained relative stability and seldom exceeded 0.5 mg. The concentration of Al
present in a substrate/soil bears both positive and negative implications toward plant
health [62,63], and given the similarity in the leachate Al content and the quality of plants
produced, the addition of AA to the substrate did not present negative implications.

The capacity for AA-enhanced substrates to buffer other elements of interest was also
observed with regard to B, Mn, and S. The mass of all three of these elements in the leachate
from the unamended containers exhibited a dramatic decline from the first sample date
to the second sample date, prior to plateauing for the duration of the study. Conversely,
the AA-enhanced substrates maintained a stable, lower mass of all three elements in the
container leachate throughout the duration of Exp1 and Exp2, with increasing amounts
of AA leading to slightly more reduction. This suggests that the incorporation of AA
binds and retains these necessary anionic micro-nutrients in situ more effectively than the
unamended substrates. A more holistic interpretation of nutrient loss in container leachate
was provided by the EC analysis, where the addition of AA led to dramatic reductions
in EC one and two WAP, providing an initial buffer to early nutrient loss. While these
differences became more muted as time elapsed, the mitigation of nutrient loss early in
the production cycle is especially valuable in short-cycle crops. The universal increase in
leachate pH for all substrates between three and four WAP could possibly be explained
by the cumulative additions of nutrients (both macro and micro) building up a buffering
capacity in situ, where it is possible that complexes involving sorbed P and Mg may have
precipitated with source water alkalinity.

The implementation and adoption of AA-enhanced substrates as a method to reduce P
loss to the environment demands evidence that this practice does not come at the expense
of crop quality. The two metrics employed in the assessment of Tagetes throughout this
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study encompassed quantitative and qualitative, objective and subjective measurements.
The growth index provides insight into the overall volume of a plant, where both rounds of
experiments yielded plants of equivalent final size for all treatments. The growth index was
equivalent on each individual sample date throughout the duration of each experiment,
thus demonstrating the consistency in the growth rate dynamics maintained over time.
The results were consistent with the observations made by Amaizah et al. [64] in a study
measuring the growth of mustard (Sinapis alba) in soils blended with and without recycled
Al-P. In that study, an equivalent fresh and dry biomass was achieved when using Al-P
compared to typical superphosphate or rock phosphate treatments; furthermore, there were
reductions in both the soil and plant Al content when using recycled Al-P. The subjective
assessments of the quality of the Tagetes replicates identified no differences in the plant
aesthetics on any individual sample date or at the termination of the experiments.

5. Conclusions

The results presented in this study demonstrate that the incorporation of AA as a
substrate component in horticultural crop production is an effective tool in retaining P
and other critical anionic micronutrients within a substrate. Short-term crops which may
rely on fertigation to achieve immediate nutrient availability can be effectively produced
to the same quality standards while mitigating the environmental risks posed via this
practice. Incorporating AA, even in relatively low amounts, is sufficient to achieve these
goals in short-cycle crops; however, it is necessary to consider the crop size and cycle
duration when selecting the incorporation rate of Al, as it is indeed likely that larger
plants and longer crop cycles may lead to sorption site saturation and reduced P removal
efficiency. Furthermore, the retention of P within container substrates may allow the
modification of prescribed fertigation rates at crucial times in the crop production cycle, as
it is possible that retained, sorbed P may be bioavailable for plant uptake and additional P
applications would be rendered unnecessary. Continued research involving substrate/AA
physical/hydraulic engineering, variable P application rates, and crop-specific studies
can provide further insight and incentivize the implementation of this environmentally
sustainable production practice.
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