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Dolomite and Micronutrient Fertilizer Affect 
Phosphorus Fate in Pine Bark Substrate used  
for Containerized Nursery Crop Production

Soil Fertility & Plant Nutrition 

Dolomite and a micronutrient fertilizer are routinely incorporated into a pine 
bark-based soilless substrate when producing containerized nursery crops, 
yet the effect of these amendments on phosphorus (P) is not well understood. 
The objective of this research was to determine the effect of dolomite and 
micronutrient fertilizer amendments on P partitioning among four P frac-
tions (i.e., orthophosphate-P [OP], non-orthophosphate dissolved P [NODP], 
total dissolved P [TDP], and particulate P [PP]) and to model potential P spe-
cies in leachate of pine bark substrate. Amendment treatments incorporated 
into bark at experiment initiation included (1) a control (no fertilizer, dolo-
mite, or micronutrient fertilizer), (2) controlled-release fertilizer (CRF), (3) 
CRF and dolomite, (4) CRF and micronutrient fertilizer, or (5) CRF, dolomite, 
and micronutrient fertilizer. Phosphorus fractions in leachate of irrigated 
pine bark columns were determined at eight sampling times over 48 days. 
Amending pine bark with dolomite and micronutrient fertilizer reduced 
leachate OP concentrations by 70% when averaged across sampling dates 
primarily due to retention of OP in the substrate by dolomite. The NODP 
fraction was unaffected by amendments, and the response of TDP was sim-
ilar to that of OP. Particulate P was present throughout the study and was 
strongly correlated particulate Fe and DOC concentrations. Visual MINTEQ 
indicated MnHPO4 and Ca5(PO4)3(OH) were consistently saturated with 
respect to their solid phase in treatments containing CRF. Results of this study 
suggest amending pine bark with dolomite and micronutrients is a best man-
agement practice for reducing P leaching from containerized nurseries.

Abbreviations: CRF, controlled-release fertilizer; DAI, days after initiation; DOC, dissolved 
organic carbon; EC, electrical conductivity; F, fertilizer-only; FL, fertilizer plus dolomite; 
FLM, fertilizer plus dolomite plus micronutrients; FM, fertilizer plus micronutrients; 
NODP, non-orthophosphate dissolved phosphorus; OP, orthophosphate-phosphorus; PP, 
particulate phosphorus; TDP, total dissolved phosphorus; TP, total phosphorus.
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Core Ideas

•	Addition of dolomite or 
micronutrients reduced leachate-P 
from bark-based substrates.

•	Orthophosphate-P from controlled-
release fertilizer contributed 74 to 
86% of TDP.

•	Dolomite reduced fertilizer 
orthophosphate-P in leachate by 
>50%.

•	MnHPO4 and Ca5(PO4)3(OH) were 
dominant modeled solid-phase 
species in leachate.

•	Addition of dolomite and 
micronutrient amendments to bark 
may be considered a BMP.

This publication is a portion of a dissertation submitted by Jacob H. Shreckhise in partial fulfillment 
of the degree of Doctor of Philosophy. The use of trade or brand names in this publication does not 
constitute a guarantee or warranty of the product by Virginia Tech and does not imply its approval to 
the exclusion of other products or vendors that also may be suitable.  
Soil Sci. Soc. Am. J. 83:1410–1420 
doi:10.2136/sssaj2018.12.0493 
Received 21 Dec. 2018.  
Accepted 1 July 2019.  
*Corresponding author (jim.owen@vt.edu). 
© 2019 The Author(s). Re-use requires permission from the publisher. 

Published September 26, 2019



www.soils.org/publications/sssaj	 1411

Soil Fertility & Plant Nutrition Understanding the chemical fate of P fertilizers is critical 
for determining P bioavailability and its potential ef-
fect on down-stream ecosystems. Eutrophication and 

subsequent toxic algae blooms induced by elevated P concentra-
tions is a global issue affecting surface water used for human con-
sumption, irrigation, fisheries, and recreation (Carpenter et al., 
1998). Agriculture is the leading source of P contamination in 
US surface waters (USEPA, 2017). In mineral soils, interactions 
between fertilizer-P and soil components have been thoroughly 
examined; however, little research has assessed the chemical fate 
of fertilizer P in organic substrates, specifically milled pine bark, 
used to produce container-grown crops.

In the United States, containerized woody crops contrib-
ute 63% of all nursery stock sales (USDA, 2014), and pine bark 
(Pinus taeda L.) is the predominant substrate utilized in the east-
ern USA for container-grown nursery crops (Bilderback et al., 
2013b; Lu et al., 2006). Pine bark has limited ability to sorb P 
(Marconi and Nelson, 1984; Paradelo et al., 2017; Yeager and 
Wright, 1982); consequently, soluble P fertilizers rapidly leach 
from pine bark-filled containers during irrigation (Cole and 
Dole, 1997; Godoy and Cole, 2000; Yeager and Barrett, 1984, 
1985a, 1985b). Phosphorus leaching from containers is exacer-
bated since container-grown crops are typically irrigated daily 
while the plants are actively growing. The use of polymer- or 
resin-coated controlled-release fertilizers (CRFs), a best manage-
ment practice (Bilderback et al., 2013a) that reduces P leaching 
relative to soluble fertilizers (Broschat, 1995; Diara et al., 2014), 
has been widely adopted by the US nursery industry according 
to survey studies (Dennis et al., 2010; Fain et al., 2000; Mack et 
al., 2017). However, P uptake efficiency (percent of fertilizer-P 
absorbed by plants) of container-grown nursery crops remains 
between 7 and 62% when using CRFs (McGinnis et al., 2009; 
Owen et al., 2008; Tyler et al., 1996; Warren et al., 1995, 2001).

Pine bark has an initial pH range of 4.0 to 4.3; yet, optimal 
plant nutrient availability in organic substrates occurs when pH 
is 5.0 to 5.5 (Bunt, 1988). Accordingly, pine bark is routinely 
amended with a liming agent, such as dolomite [CaMg(CO3)2], 
to increase pH and supply plants with Ca and Mg. However, the 
effects of dolomite on P solubility in pine bark substrate has not 
been assessed. Multiple studies have reported dolomite sorption 
of OP in aqueous solution (Karaca et al., 2004, 2006; Mangwandi 
et al., 2014; Xu et al., 2014; Yuan et al., 2014, 2015). For example, 
in batch sorption experiments, Yuan et al. (2014, 2015) found 
that 10 g of dolomite removed up to 98% P from 1 L of solution 
containing 50 mg L–1 P. Karaca et al. (2006) reported rapid sorp-
tion of OP by dolomite in solution, with equilibration occurring 
within 15 to 30 min depending on initial OP concentration. Xu et 
al. (2014) utilized attenuated total reflectance Fourier transform 
infrared (ATR-FTIR) spectroscopy, x-ray absorption near edge 
structure (XANES) spectroscopy, and diffuse layer modeling to 
investigate P speciation on calcite and dolomite. When solution 
pH values were varied from 5.0 to 7.0 and OP concentrations 
were 2 or 10 mg L–1, which are common conditions in pore-water 
of dolomite-amended pine bark substrate for nursery-crop pro-

duction (Bilderback et al., 2013a), the authors determined that 
sorbed OP on the surface of dolomite was primarily in the form 
of Mg and Ca surface complexes and Ca-P secondary minerals.

Evidence of OP sorption by liming agents has also been ob-
served in organic container-substrates. Amending peat-based 
substrates with varying rates of Ca(OH)2 was shown to reduce P 
leaching from containers by 20% (Haynes, 1982) to 88% (Havis 
and Baker, 1985) compared to substrates without Ca(OH)2. Two 
studies by Argo and Biernbaum (1996a, 1996b) reported that the 
amount of soluble OP in a peat-based substrate amended with vari-
ous forms of dolomite was inversely related to the substrate pH. For 
example, Argo and Biernbaum (1996a) measured OP concentra-
tions in saturated media extracts (Warncke, 1986) after growing 
Impatiens walleriana Hook. F. fertilized with 20 mg L–1 P for 16 
wk in a Sphagnum peat-based substrate containing 1.5 kg m–3 mi-
crofine Ca(OH)2·MgO or 8.4 kg m–3 CaCO3·MgCO3. In both 
lime treatments, substrates with pH values of about 5.0 and 8.1 had 
OP concentrations of ~21 and 3 mg L–1, respectively. Argo and 
Biernbaum (1996a) speculated that the reduction in soluble OP 
was due to precipitation of P as CaHPO4 or CaH5O6P. However, 
the effect of liming agents, specifically dolomite, on P leaching from 
pine bark substrate has not been thoroughly investigated.

In addition to amending organic substrates with a liming 
agent, growers commonly add a granular micronutrient fertilizer. 
Iron is a primary constituent of many micronutrient fertilizers 
and is often supplied in chelated form or as FeSO4. Ferrous sul-
fate, a compound used to remove P from wastewater (Strickland, 
1998), can reduce OP solubility via Fe-PO4 precipitation (Moore 
and Miller, 1994; Rich, 2005; Tasistro and Kissel, 2006) and OP 
sorption to humic substances via Fe bridges (Gerke and Hermann, 
1992; Weir and Soper, 1963). Many Fe-PO4 precipitates are wa-
ter-insoluble (Sanyal and De Datta, 1991) and thus unavailable 
for plant-uptake. Current understanding of Fe-P interactions in 
pine bark-based substrates is based on pioneering research con-
ducted by Handreck (1991a, 1991b, 1992, 1996) who analyzed 
the effect of FeSO4 application rate on P concentrations in di-
ethylenetriaminepentaacetic acid (DTPA) extracts. Although 
results from all four studies indicated that FeSO4·7H2O reduces 
DTPA-extractable P concentrations in pine bark-based sub-
strates, these results may have been confounded by the CaCO3–
based liming agent used to maintain a constant pH across FeSO4 
treatments. Similar to dolomite, CaCO3 can sorb OP (Xu et al., 
2014); presumably, treatments containing more FeSO4, which 
acidifies pore-water during hydrolysis, would have required more 
CaCO3 to achieve the same substrate pH as treatments with less 
FeSO4. Accordingly, the reported lower P concentrations in pine 
bark containing more FeSO4 may have been partially due to P 
sorption by CaCO3. Hence, reinvestigating the effect of sulfated 
micronutrient fertilizer on water-extractable P species and con-
centration in pine bark would provide insight into determining 
P fertilization recommendations and environmental implications 
of P leached from containerized crops.

In natural waters, P fractions (e.g., total P [TP], total dis-
solved P [TDP], particulate P [PP], and OP) are commonly de-
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termined to assess the threat of P to water quality (Worsfold et 
al., 2016). Since only OP is available for plant uptake, fractioning 
P in soil-water extracts provides insight into P lability. Despite 
the importance of P fractions on surface water quality and plant 
availability of P, to our knowledge, PP, TDP, OP, and non-or-
thophosphate dissolved P (NODP) concentrations and the im-
pact of dolomite and micronutrient fertilizer on these P fractions 
has not been studied in effluent or water-extracts of pine bark 
substrate with incorporated CRF. Accordingly, the objectives of 
our study were to (i) determine the effect of CRF, dolomite, and 
micronutrient fertilizer amendments on OP, NODP, TDP, and 
PP concentrations in leachate of pine bark substrate; and (ii) ex-
amine potential precipitated P species in pine bark leachate using 
the geochemical speciation software, Visual MINTEQ.

Materials and Methods
Stabilized pine bark (milled through a 12.7-mm screen) was 

attained from Pacific Organics (Henderson, NC) on 15 Jan. 2016. 
Measured air space, container capacity, and available water (by volume) 
of the substrate were 40, 40, and 27%, respectively, and bulk density 
was 0.15 g cm–3 (NCSU porometer method; Fonteno et al., 1995). 
Substrate particle size distribution (by weight) was 72% coarse (>2 
mm), 16% medium (2.0 to 0.5 mm), and 12% fine (<0.5 mm). Pine bark 
elemental analysis was determined by Brookside Laboratories (New 
Bremen, OH) using a Thermal 6500 Duo inductively coupled plasma 
optical emission spectrometer (ICP-OES) following microwave-as-
sisted, nitric acid digestion (Peters et al., 2003). The substrate was com-
prised of 0.29 g kg–1 N, 0.01 g kg–1 P, 0.14 g kg–1 K, 0.29 g kg–1 Ca, 
0.05  g  kg–1 Mg, 0.03  g kg–1 S, 6.2 mg kg–1 B, 1321 mg kg–1 Fe, 
117.4 mg kg–1 Mn, 6.3 mg kg-1 Cu, 27.5 mg kg–1 Zn, and the C to 
N ratio was 176.

One day prior to experiment initiation, pine bark was 
amended with 4.75 kg m–3 of a homogeneous, 5 to 6 mo (release 
based on a 27°C) CRF (Polyon 19–2.6–10 [as N–P2O5–K2O], 
Harrell’s, Lakeland, FL) and one of four amendment treatments: 
(1) 4.15 kg m–3 dolomite (FL), (2) 0.89 kg m–3 granular micro-
nutrient fertilizer (FM), (3) both dolomite and micronutrient 
fertilizer (FLM), or (4) neither dolomite nor micronutrient fer-
tilizer (F; i.e., CRF-only). In addition, non-amended pine bark 
without CRF was included as a control. The CRF was composed 
of NH4NO3, NH4H2PO4, and K2SO4. For the FL and FLM 
substrate treatments, dolomite was supplied as 50% pulverized 
dolomite (94% CaCO3 equivalent [CCE], Old Castle Lawn and 
Garden, Thomasville, PA) and 50% ground dolomite (97% CCE, 
Rockydale Quarries Corporation, Roanoke, VA). The pulverized 
dolomite had 100, 95, 72, and 54% and the ground dolomite had 
100, 90, 50 and 35% passing through 2.00-, 0.84-, 0.25-, and 0.15-
mm mesh screens, respectively. Collectively, the dolomite mixture 
contained 21% Ca and 22% Mg by weight. The granular micro-
nutrient fertilizer (Micromax, Everris, Dublin, OH) contained 
6.00% Ca, 3.00% Mg, 12.00% S, 0.10% B, 1.00% Cu, 17.00% Fe, 
2.50% Mn, 0.05% Mo, and 1.00% Zn derived from CaMg(CO3)2, 
FeSO4·1H2O, MnSO4, ZnSO4, CuSO4·5H2O, Na2B4O7, and 
Na2MoO4·2H2O. The CRF and substrate amendments were in-

corporated into the pine bark by hand-mixing for 2 min to ensure 
homogeneity without damaging CRF granules.

Twenty columns were constructed of 30-cm sections of 
polyvinyl chloride (PVC) pipe (7.8 cm i.d.; 8.9 cm o.d.), and the 
bottom of each column was fastened with a PVC flat cap with 
20 evenly distributed, 8-mm, circular holes. Precision-woven, 
monofilament, 500-mm mesh fabric (Sefar Propyltex 05-500/36, 
Heiden, Switzerland) was placed between the bottom end-cap 
and column to prevent substrate from falling through or clog-
ging the 8-mm holes. The top of each column was affixed to a 
PVC coupler which was used to elevate diffusers 5 cm above the 
substrate surface. Diffusers were PVC flat caps with 16 evenly 
distributed, 2-mm holes and were used to evenly disperse irriga-
tion water over the substrate surface, minimizing preferential 
flow. A diagram of the column assembly can be found in Hoskins 
et al. (2014), labeled “unsaturated column”. A high-density poly-
ethylene (HDPE) funnel was positioned beneath each column 
to direct leachate into individual 250-mL HDPE bottles.

For each substrate treatment and the control, four columns 
(i.e., replicates) were packed with 1400 cm3 substrate to achieve 
a mean bulk density of 0.145 g cm–3 (~0.02 g cm–1 vertical varia-
tion within a column) and mounted vertically in a randomized 
complete block design with two rows of ten columns. The experi-
ment was blocked to account for filtration time within a sampling 
date and laboratory climate differences (mean air temperature of 
22.4 ± 0.33°C [SE]), which could affect CRF release of nutrients. 
Using a GEVA 75 controller with a latch solenoid and hydraulic 
valve (G75-C-1W-61, Baccara Automation Control, Bayswater, 
Victoria, AU), each column received a single daily aliquot of tap 
water from a pressure compensating emitter (2.2 ± 0.01 mL s–1; 
01WPCLL8, Netafim, Fresno, CA) fastened to 127 mm polyeth-
ylene tubing 2 cm above each diffuser. At experiment initiation 
(Day 0), each column was irrigated for 228 s (~500 mL); for 48 
d thereafter, columns were automatically irrigated every 24 h for 
57 s (~125 mL or 2.6 cm). The intent of the initial high-volume 
irrigation event was to settle substrate particles and mimic stan-
dard nursery practices following pot-up of a crop. Irrigation water, 
collected periodically over the course of the experiment (n = 8), 
contained (mg L–1 ± SE): 0.21 ± 0.01 P, 13.5 ± 0.49 Ca, 5.77 
± 0.20 Mg, 1.33 ± 0.12 K, 11.5 ± 0.49 Na, <0.01 Fe, <0.20 Al, 
18.7 ± 0.54 Cl, 1.99 ± 0.09 S, 0.38 ± 0.04 Zn, and <0.02 B, Mn, 
and Cu. Alkalinity of the irrigation water at experiment termina-
tion (n = 3) was 55.9 mg L–1 ± 0.7 (Brookside Laboratories). The 
daily irrigation volume of 125 mL was determined after conduct-
ing a preliminary study which showed 125 mL displaced enough 
substrate pore-water for subsequent analyses while minimally di-
luting leachate with the fresh tap water. Average leachate-volume 
(100 ± 0.05 mL) was measured from each column 12 h after ir-
rigating to ensure leaching was consistent across treatments.

On Days 1, 2, 5, 6, 9, 10, 15, 16, 23, 24, 31, 32, 41, 42, 47, 
and 48, a 20-mL aliquot of leachate from each column and the 
irrigation water was analyzed for pH and electrical conductivity 
(EC) using a benchtop meter (HI5521-01, Hanna Instruments, 
Woonsocket, RI) within 4 h of sample collection (i.e., within 16 h 
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of irrigation). Concentrations of ions (i.e., PO4
3–, NO3

–, NO2
–, 

Cl– and NH4
+), dissolved (<0.45 mm) organic carbon (DOC), 

and total and dissolved (<0.45 mm) elements (i.e., B, Ca, Cu, Fe, 
K, Mg, Mn, Mo, Na, Ni, P, S, and Zn) were determined from 2-d 
composite samples. The first half of each composite sample was 
collected on Days 1, 5, 9, 15, 23, 31, 41, and 47, and were prepared 
as follows. For samples in which leachate ion concentrations were 
determined, 3 mL leachate were syringe-filtered within 12 h of 
collection into a 10-mL glass vial using a 60-mL Luer-Lok syringe 
(26300, Exel International Medical Products, St. Petersburg, FL) 
and 0.2-mm hydrophilic polyvinylidene fluoride (PVDF) dispos-
able syringe-filters. Filters of 0.2 mm pore size were used to reduce 
possible sorption of OP to Fe colloids in the 0.45 to 0.2 mm size 
range (Sinaj et al., 1998). The 0.2-µm filters were then replaced 
with 25 mm Swinnex filter holders (SX0002500, Millipore Sigma, 
Burlington, MS), each containing a 0.45 mm PVDF membrane 
(HVLP02500, Millipore Sigma), to filter 13.5 mL and 10 mL 
leachate into respective 60-mL HDPE bottles. The 13.5 mL fil-
tered sample (27 mL composite), which was ultimately analyzed 
for dissolved organic carbon (DOC) concentration, was acidified 
to a pH < 3 with two drops of 2 mol L–1 HCl to remove inorganic 
carbon from samples via volatilization. The filtered 10-mL sam-
ple (20-mL composite) was later analyzed for dissolved element 
concentrations. Ten mL of non-filtered leachate was dispensed 
into a 60-mL HDPE bottle within 12 h of collection for eventual 
determination of total concentrations of elements. Samples were 
refrigerated at 8°C until the reminder of the composite sample 
was added the following day (Days 2, 6, 10, 16, 24, 32, 42, or 48). 
The 6-mL, 27-mL and two 20-mL composite samples were then 
stored at –30°C. Non-filtered samples were later thawed and di-
gested according to the method described in QuikChem Method 
10-115-01-4-B, except sample volume and amount of digestion re-
agent added to samples was reduced by half. After digestion, white 
sediment was present in some samples; thus, digested samples were 
filtered through a 0.2-mm PVDF filter before being stored at 8°C.

Analysis of leachate ion concentrations was accomplished 
using two ion chromatography (IC) systems. The IC systems 
used to determine anion concentrations (ICS-2100, Thermo-
Fisher Scientific) and cation concentrations (ICS-1600, Thermo-
Fisher Scientific) utilized respective 4 mm by 250 mm (i.d. × 
length) anion- and cation-exchange columns (AS19 and CS12A, 
respectively, Thermo Fisher Scientific) at 35°C and an autosam-
pler (AS-AP, Thermo Fisher Scientific) on a 25 mL sample loop. 
The ICS-2100 was equipped with a metal trap column (MFC-1, 
Thermo Fisher Scientific) to facilitate detection of the anions. 
Total and dissolved element concentrations were determined with 
optical emission spectrometry (iCAP 6300 Duo View ICP–OES 
Spectrometer; Thermo Fisher Scientific). Dissolved organic car-
bon (non-purgeable organic carbon from organic sources that is 
available for microbial metabolic functions) concentrations were 
analyzed via NPOC/TN analysis using a Shimadzu TOC-VCPH 
total organic carbon analyzer with TNM-1 TN measuring unit 
(Shimadzu Scientific Instruments, Kyoto, Japan).

Model Analysis
Theoretical chemical P speciation in leachate was mod-

eled using Visual MINTEQ, a geochemical speciation soft-
ware (Gustafsson, 2013). Input parameters included pH, DOC 
(NICA-Donnan model), PO4

3–, NH4
+, NO2

–, NO3
–, B(III), 

Ca2+, Cl–, Cu2+, Fe3+, K+, Mg2+, Mn2+, Mo(VI), Na+, Ni2+, 
SO4

2–, and Zn2+ concentrations. Element input values were 
based on concentrations measured in previously described fil-
tered samples. Metals were assumed to be in their oxidized state. 
Carbonate concentrations were estimated based on measured 
irrigation water alkalinity as well as Ca and Mg concentrations 
in leachate of substrates containing dolomite and/or micro-
nutrient fertilizer. Electrical conductivity was equated to ionic 
strength using the formula proposed by Alva et al. (1991; i.e., 
ionic strength = [EC × 0.012] – 0.0002) and compared to ionic 
strengths calculated by Visual MINTEQ to ensure consistency. 
Saturation indices provided in output were used to interpret de-
gree of saturation in solutions with respect to solid phases.

Statistics
Phosphorus fraction partitioning in the particulate versus 

dissolved phases was analyzed via three-way analysis of variance 
(ANOVA) with a repeated measures factor (time) and two be-
tween-subjects factors, substrate (F, FL, FM, and FLM) and frac-
tion (PP [i.e., TP – TDP] and TDP). Dissolved Fe (<0.45 mm) 
and particulate Fe (i.e., total Fe – dissolved Fe) concentrations 
were analyzed in the same manner. The dissolved P phase was 
further assessed in a separate, but similar, analysis that included 
fractions, OP and NODP (i.e., TDP – OP) instead of PP and 
TDP. For all three-way ANOVA, the three-way interaction 
(time × P fraction × substrate), three two-way interactions 
(time × fraction, time × substrate, and fraction × substrate), and 
three main effects were assessed. Concentrations of other ele-
ments were equivalent between filtered and non-filtered samples 
(p  >  0.05); thus, analyses were performed using dissolved (i.e., 
filterable) concentration values. Effects of substrate, time, and 
the substrate × time interaction on Ca, EC, DOC, and pH were 
analyzed via two-way repeated measures ANOVA. The block ef-
fect (random) was non-significant (p > 0.05) in all ANOVA and 
therefore removed from analysis to simplify the model.

Prior to analysis, data were transformed to correct for het-
eroscedasticity and non-normality. The log-transformation was 
used for Ca, Mg, EC, and DOC values, and the normalized 
Johnson’s transformation ( Johnson, 1949) was used for all Fe and 
P data. Repeated measures analysis was executed by modeling co-
variance structures (Wolfinger, 1993). The most appropriate co-
variance structure was selected by fitting data to various homoge-
neous and heterogeneous covariance structures available in JMP 
Pro 14 (SAS Institute Inc., Cary, NC) and comparing corrected 
Akaike information criterion (AICc) values. According to AICc 
values, the following covariance structures were selected for re-
peated measures analyses: homogeneous antidependent for P (PP 
vs. TDP fractions), Fe, Ca, and Mg; heterogeneous antidepen-
dent for P (OP vs. NODP fractions); first-order autoregressive 
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(AR[1]) for EC and DOC; and unequal 
variance for pH data.

When interactions were significant 
(p < 0.05), simple effects were analyzed us-
ing Tukey’s Honest Significant Difference 
(HSD) to compare fertilized substrates. 
The control was excluded from the multi-
ple-comparison procedure to ensure power 
of the test to accurately detect differences 
between the effect of amendments when a 
CRF was present. Dunnett’s test was used 
to contrast values of the non-fertilized 
control to those of each substrate treat-
ment containing CRF. Correlations were 
assessed using the Pearson correlation co-
efficient (r). Percent reduction in element 
concentrations by amended substrates, 
discussed hereafter, were calculated on the 
basis of concentrations in the F substrate 
unless otherwise noted. All data were pro-
cessed using JMP Pro 14 (SAS Institute 
Inc., Cary, NC).

Results and Discussion
Calcium

Calcium concentrations were 
affected by a substrate × time interaction 
(p < 0.0001). Solution Ca concentrations 
in FM and FLM were 91 mg L–1 at 1 d 
after experiment initiation (DAI), over 
twice as high as concentrations in FL (Fig. 1). Thereafter, Ca 
concentrations in FM and FLM sharply decreased to a minimum 
concentration of 5 mg L–1 (23 DAI) or 15 mg L–1 (15 DAI), 
respectively. The relatively high initial Ca concentrations in FM 
and FLM compared to FL suggests that the dolomite component 
in the micronutrient fertilizer was highly soluble relative to the 
separately added dolomite amendment in FL and FLM. Rapid 
dissolution of the dolomite component in the micronutrient 
fertilizer is likely partially attributed to the acidic pH of the 
FM substrate at 1 to 9 DAI (pH = 3.8 to 4.3) relative to that in 
FL (pH = 6.4 to 7.3; Fig. 1). Solubility of CaMg(CO3)2 is well 
known to increase with decreasing pH (Gautelier et al., 1999; 
Lindsay, 1979). Calcium concentrations in FLM were equivalent 
to those in FL from 15 to 48 DAI, whereas Ca concentrations 
in FM were consistently 6 to 11 mg L–1 lower than those in 
FL during this period. From 31 to 48 DAI, Ca concentrations 
in FM were equivalent to those in F. These data suggest that 
dolomite was the primary source of soluble Ca in FLM after 15 
DAI or receiving ~39 cm total irrigation. The increase in Ca 
concentration in F between 23 and 41 DAI corresponded with 
increased leachate K concentrations due to CRF release (data not 
shown). Displacement of Ca from exchange sites in pine bark 
by K has been reported and may explain the increasing leachate 
Ca concentration in F between 23 and 48 DAI (Hoskins et al., 

2014). Magnesium concentrations in leachate (data not shown) 
had a strong, positive correlation with Ca for all substrate 
treatments (r ≥ 0.940) due to the coinciding presence of Mg in 
all sources of Ca (e.g., dolomite, irrigation water, pine bark).

Iron
Iron concentrations were affected by a fraction × substrate × 

time interaction (p < 0.0001; Table 1). Among substrates, the high-
est dissolved Fe concentrations were in FM at 1 to 15 DAI and in 
the control from 31 to 48 DAI (Table 2). The relatively high dis-
solved Fe concentrations in FM at 1 to 15 DAI were a result of the 
Fe supplied by the micronutrient fertilizer in combination with 
low substrate pH (i.e., 3.8 to 4.7) which maintained Fe in solution. 
At 31 to 48 DAI, higher dissolved Fe concentrations in the control 
compared to all other treatments may have been a result of lower 
OP concentrations in the control to precipitate or coprecipitate 
with dissolved Fe (Table 3). The observed relatively low dissolved 
Fe concentrations in substrates containing the micronutrient fer-
tilizer at 31 to 48 DAI corresponds with Wright and Hinesley 
(1991) who reported that granular micronutrient fertilizer 
amendment rates of up to 1.5 kg m–3 in a pine bark substrate had 
no effect on water-extractable Fe concentrations when measured 
60 d after potting Juniperus viginiana L. The authors also reported 
that liming the substrate reduced Fe in water extracts, regardless 

Fig. 1. Effect of substrate amendments on Ca concentration, pH, electrical conductivity (EC), and 
dissolved organic carbon (DOC) concentration in leachate over time of daily-irrigated pine bark 
columns containing 4.75 kg m−3 controlled-release fertilizer (F; 19N–2.6P–10K). Substrate treatments 
consisted of 4.15 kg m−3 dolomite (FL), 0.89 kg m−3 micronutrient fertilizer (FM), the combination 
of dolomite and micronutrient fertilizer (FLM), or substrate with no controlled-release fertilizer or 
amendments (control). Different vertically aligned letters next to means indicate significant difference 
among substrate treatments (F, FL, FM, and FLM) within each sampling date via Tukey’s HSD (p < 0.05), 
and non-significant differences are denoted by “ns”. Asterisks (*) indicate significant difference from 
the control using Dunnett’s test (p < 0.05). Vertical bars represent SE of the mean.
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of the presence of micronutrient fertilizer. Similarly, Abreu et al. 
(2006) found that water-extractable Fe concentrations were simi-
lar in limed pine bark with and without added micronutrients. In 
a study that used the same micronutrient fertilizer product used 
in the current study, Handreck (1989) found that <1% of 111 mg 
Fe added to pine bark was recovered in effluent after 50 d of daily 
leaching, most of which was found within the first 6 d. Our results 
agree with these studies in that liming agents and the subsequent 
increase in pH reduces Fe solubility in pine bark.

Particulate-Fe concentrations were highest in the control, F, 
and FL at 1 DAI and in the control and F at 5 DAI (Table 2). 
From 9 to 48 DAI, substrates had a similar effect on particulate 
Fe as that described for dissolved Fe. At 1 DAI, the lower partic-
ulate Fe concentrations in substrates containing micronutrient 
fertilizer suggests Fe-containing particles may have flocculated 
due to relatively high solution EC ( Jirsa et al., 2013; Sholkovitz, 
1976). Similarly, at 31 to 48 DAI, low particulate Fe in fertilized 
substrates relative to the control corresponded with higher EC.

pH
Leachate pH was affected by a substrate × time interac-

tion (p < 0.0001), which is explained by the more rapid initial 
increase in pH of substrates containing dolomite compared to 
those without dolomite (Fig. 1). Leachate pH in all five substrate 
treatments increased by ~1.8 ± 0.07 units over 48 d. Substrates 
containing dolomite reached pH values of ~8.0 by 41 DAI, 
which are higher than values reported in studies in which a 
comparable dolomite rate was used. In a comprehensive review 
on the effects of dolomite additions in pine bark, Altland and 
Jeong (2016) proposed that dolomite can increase substrate pH 
up to ~6.5 before pH limits its solubility and concomitant ef-
fects on pH. A possible explanation for the observed high pH 
values is that the inherent acidity of the pine bark was leached 
due to daily irrigation with ~2.6 cm water; however, this amount 
of water can be applied in a conventional nursery setting via dai-
ly irrigation and rainfall. Assuming the inherent acidity of the 
pine bark was reduced, substrate pH would have been more re-
sponsive to the lime reaction and the pH of the irrigation water, 
which increased from 6.9 to 7.8 over the course of the experi-
ment (data not shown). Leachate pH values of the control and F 

Table 1. Degrees of freedom (df), F values, and p values for three-way analysis of variance (ANOVA) to determine significant 
effects of substrate treatment, fraction, time, and their interactions on P and Fe concentrations in leachate of irrigated pine bark. 
Two analyses were performed for P, one included total P fractions (particulate P [PP] and total dissolved P [TDP]), and the other 
included dissolved P fractions (orthophosphate-P [OP] and non-orthophosphate dissolved P [NODP]). Fractions in Fe analysis 
included particulate Fe and dissolved Fe.

ANOVA source df

Total P fractions Dissolved P fractions Fe fractions

F value p value F value p value F value p value

3-way ANOVA

Time (T) 7 273.4 <0.0001 309.8 <0.0001 735.5 <0.0001

Substrate (Sub)† 3 9.9 <0.0001 28.9 <0.0001 93.3 <0.0001

Fraction (Frac) 1 355.2 <0.0001 34.9 <0.0001 1032.4 <0.0001

T × Sub 21 5.8 <0.0001 6.5 <0.0001 13.0 <0.0001

T × Frac 7 45.5 <0.0001 45.8 <0.0001 74.4 <0.0001

Sub × Frac 3 11.6 <0.0001 14.2 <0.0001 26.1 <0.0001

T × Sub × Frac 21 3.0 0.0002 4.3  < 0.0001 16.6  < 0.0001

Simple interactions‡

T × Sub (in each Frac)

PP, NODP, particulate Fe 21 4.8 <0.0001 1.2 0.3186 13.0 <0.0001

TDP, OP-P, dissolved Fe 21 4.3 <0.0001 10.7 <0.0001 11.8 <0.0001

T × Frac (in each Sub)

F 7 34.8 <0.0001 10.1 0.0026 58.9 <0.0001

FL 7 14.0 <0.0001 3.8 0.0480 46.7 <0.0001

FM 7 3.3 0.0370 10.9 0.0032 12.6 <0.0001

FLM 7 18.0 <0.0001 60.9 <0.0001 36.8 <0.0001

Sub × Frac (at each T)

1 3 6.5 0.0025 27.5 <0.0001 120.4 <0.0001

5 3 5.7 0.0042 18.6 <0.0001 37.3 <0.0001

9 3 2.1 0.1336 3.5 0.0296 5.0 0.0081

15 3 2.5 0.0812 4.4 0.0130 1.2 0.3340

23 3 3.0 0.0496 0.2 0.8897 2.0 0.1481

31 3 15.3 <0.0001 4.0 0.0193 2.8 0.0596

41 3 8.7 0.0004 3.3 0.0369 1.1 0.3795

48 3 8.6 0.0005 2.6 0.0740 1.0 0.4272

† �Four substrate amendment treatments each contained 4.75 kg m−3 controlled-release fertilizer (CRF; 19N–2.6P–10K) and either 4.15 kg m−3 

dolomitic limestone (FL), 0.89 kg m−3 micronutrient fertilizer (FM), both amendments (FLM), or no amendments (F).
‡ Since 3-way interactions were significant, 2-way interactions were analyzed at each level of the third factor (i.e., simple interactions).
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were generally equivalent; hence, the CRF 
had a minor effect on leachate pH. From 1 
to 23 DAI, pH values of FM were 0.38 ± 
0.03 units lower than those of F. Similarly, 
pH of FLM was 0.2 to 0.5 units lower 
than that of FL at 1 to 9 DAI, suggesting 
the micronutrient fertilizer acidified the 
substrate. Wright et al. (1999) observed 
a similar magnitude decrease in pH (0.5 
units) when pine bark was amended with 
micronutrient fertilizer.

Electrical Conductivity
Leachate EC was affected by a substrate 

× time interaction (p < 0.0001) due to the 
more rapid decrease in EC in substrates con-
taining micronutrient fertilizer compared to 
those with no micronutrient fertilizer during 
the first 9 DAI. Electrical conductivity values 
in F were the same as those in the control 
at 1, 5, and 9 DAI during which EC values 
in both substrates decreased from 0.51 to 
0.21 mS cm−1. At 15 DAI, EC values in F 
were 29% higher than those in the control, 
and from 15 to 48 DAI, EC values in F and 
the control increased 178% and decreased 
29%, respectively. Accordingly, these data suggest that the fertilizer 
began releasing salts between 9 and 15 DAI. Electrical conductiv-
ity values in FM and FLM were equivalent at 1 and 5 DAI during 
which EC values in these two treatments decreased ~50%. From 1 
to 23 DAI, EC values in FL were between 27 and 89% higher than 
those in F. Observed higher EC values in FL compared to F were 
likely due to dolomite dissolution and subsequent presence of Mg 
and Ca in leachate.

Dissolved Organic Carbon
Dissolved organic carbon was influenced by a substrate × 

time interaction (p = 0.0043; Fig. 1). The DOC concentrations 
were the same across treatments at 1, 5, and 9 DAI during which 
DOC decreased from ~265 to ~85 mg L−1. Thereafter, DOC 
concentrations increased by ~10 to 20 mg L−1 between 15 and 23 
DAI then decreased for the remainder of the study. A substrate ef-
fect on DOC concentrations was first apparent at 15 DAI, during 
which the control or substrates containing dolomite had highest 
DOC. This relationship among treatments remained the same 
until experiment termination, with DOC concentrations 35 to 
45% higher in limed treatments or the control compared to F 
or FM. The higher DOC concentrations of limed treatments at 
15 to 48 DAI was likely due to the relatively high pH and thus 
greater solubility of humic acids in these treatments (Kipton and 
Town, 1992). However, DOC concentrations in the control were 
higher than those in F and FM despite having similar pH values. 
Higher DOC concentrations of the control compared to the 
non-limed treatments may be due to the substantially lower EC 

values of the control and corresponding degree of DOC floccu-
lation. According to findings by Tiemeyer et al. (2017), pH has 
less impact on DOC when EC values are low (i.e., 94 mS cm−1). 
Hence, the low EC values in the control between 15 and 48 DAI 
may have nullified the effect of relatively low pH values on DOC.

Phosphorus
The time × substrate × treatment interaction was signifi-

cant for both P-fraction analyses, that is, PP versus TDP and 
OP versus NODP (p < 0.0001; Table 1). For the PP versus TDP 
analysis, all simple interactions were significant (p < 0.05) except 
the substrate × fraction interaction at 9 and 15 DAI (p ≥ 0.05).

Particulate P concentrations were affected by substrate treat-
ments at all sampling dates except 9, 15, and 41 DAI (Table 3). In 
all substrates, PP concentrations were highest at 1 DAI, decreased 
rapidly between 1 and 5 DAI, then remained <1.5 mg L−1. At 1 
DAI, highest PP was found in the control, F, and FL, whereas at 
5 DAI, PP concentrations were highest in the control, F, and FM. 
A portion of the PP present at 1 and 5 DAI may be attributed 
to MnHPO4 and Ca5(PO4)3(OH) precipitates, as both com-
pounds were saturated with respect to their solid phases in all sub-
strates during this period (Table 4). When pooled across all sub-
strates and sampling dates, PP had a strong, positive correlation 
with particulate Fe (r = 0.94) and DOC (r = 0.86). These parallel 
changes in PP, particulate Fe, and DOC suggest possible forma-
tion of humic-Fe-PO4 precipitates (Petrovic and Kastelan-Macan, 
1996). However, further investigation is needed to confirm the 
existence of humic-Fe-PO4 precipitates in pine bark substrates. At 

Table 2. Effect of substrate amendments (n = 4) on Fe concentrations (mg L−1) and 
partitioning of Fe in the particulate (i.e., total Fe − dissolved Fe) and dissolved 
(<0.45 µm) fractions over time in leachate of daily-irrigated pine bark columns con-
taining 4.75 kg m−3 controlled-release fertilizer (F; 19N–2.6P–10K). Substrate treat-
ments consisted of 4.15 kg m−3 dolomite (FL), 0.89 kg m−3 micronutrient fertilizer 
(FM), the combination of dolomite and micronutrient fertilizer (FLM), or pine bark 
with no fertilizer or amendments (control).

Time, days after initiation

1 5 9 15 23 31 41 48

Dissolved Fe

———————————————— mg L-1 ————————————————

Control 1.3 0.85 0.56 0.27 0.22 0.22 0.12 0.12

F 1.10 b† 0.79 b 0.38 b 0.19 b 0.05 b* 0.04 b* 0.02 b* 0.01 b*

FL 0.46 c* 0.23 c* 0.19 b* 0.07 b* 0.04 b* 0.06 b* 0.03 ab* 0.01 b*

FM 8.30 a* 3.15 a* 1.30 a* 0.63 a* 0.23 a 0.10 a* 0.04 ab* 0.04 a*

FLM 0.47 c* 0.20 c* 0.20 b* 0.13 b* 0.08 b* 0.10 a* 0.05 a* 0.02 b*

p value <0.0001 <0.0001 <0.0001 <0.0001 0.0003 0.0014 0.0089 0.0051

Particulate Fe

———————————————— mg L-1 ————————————————

Control 22.84 7.67 4.33 1.06 0.71 0.52 0.43 0.27

F 23.64 a 8.00 a 4.11 b 0.87 bc 0.16 b* 0.08 b* 0.08 * 0.04 *

FL 20.96 a 3.70 b* 2.56 c* 0.50 c* 0.16 b* 0.10 b* 0.06 * 0.06 *

FM 7.00 b* 4.00 b* 6.73 a* 2.29 a* 0.92 a 0.22 a* 0.10 * 0.07 *

FLM 9.33 b* 2.53 b* 3.17 bc 1.07 b 0.35 b 0.30 a* 0.14 * 0.08 *

p value <0.0001 0.0006 <0.0001 0.0002 0.0005 0.0005 0.1016 0.5428
* Significantly different from control according to Dunnett’s test at the 0.05 probability level.
† �Within columns for dissolve or particulate Fe, means followed by the same letter are not 

significantly different according to Tukey’s HSD (0.05).
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Table 3. Effect of substrate amendments (n = 4) on P concentrations (mg L−1 P) and distribution of P concentration across fractions 
over time in leachate of daily-irrigated pine bark columns containing 4.75 kg m−3 controlled-release fertilizer (F; 19N–2.6P–10K). 
Substrate treatments consisted of 4.15 kg m−3 dolomite (FL), 0.89 kg m−3 micronutrient fertilizer (FM), the combination of dolo-
mite and micronutrient fertilizer (FLM), or pine bark with no fertilizer or amendments (control). Total P (TP) was fractioned into 
total dissolved P (TDP; <0.45 µm) and particulate P (PP; TP − TDP), and TDP was further divided into orthophosphate-P (OP) and 
non-orthophosphate dissolved P (NODP; TDP − OP) for separate statistical analysis.

Time, days Substrate PP TDP p value† NODP OP p value‡

1 Control 6.34 8.60 0.0235 4.08 4.52 0.3479

F 6.67 a§ 8.86 a 0.0097 4.28 4.58 a 0.3554

FL 5.94 ab 6.57 b* 0.2384 3.54 3.03 b* 0.1264

FM 3.07 c* 6.24 b* 0.0072 4.29 1.96 c* 0.0053

FLM 4.04 bc* 4.48 c* 0.2400 3.45 1.03 d* <0.0001

p value 0.0003 <0.0001 0.0911 <0.0001

5 Control 0.97 7.53 <0.0001 3.57 3.97 0.0486

F 1.28 a 8.06 a <0.0001 3.65 a 4.42 a 0.0810

FL 0.56 b 5.46 b* <0.0001 2.44 b* 3.02 b* 0.0662

FM 1.04 ab 4.80 b* 0.0003 2.95 ab 1.85 c* 0.0240

FLM 0.45 b 3.30 c* <0.0001 2.38 b* 0.92 d* <0.0001

p value 0.0125 <0.0001 0.0131 <0.0001

9 Control 1.21 5.15 <0.0001 1.68 3.47 0.0002

F 1.28 4.20 a 0.0004 1.31 2.89 a 0.0043

FL 1.15 3.33 a* 0.0023 1.10 * 2.23 a* 0.0156

FM 1.37 3.24 a* 0.0021 1.30 1.94 ab* 0.1034

FLM 0.82 1.98 b* 0.0025 0.90 * 1.08 b* 0.0548

p value 0.0895 0.0026 0.1631 0.0028

15 Control 0.25 2.17 0.0008 0.86 1.31 0.5276

F 0.53 1.15 * 0.0002 0.32 0.84 0.2086

FL 0.58 1.06 * 0.1272 0.63 0.43 0.4733

FM 0.43 1.64 0.0014 0.37 1.27 0.1596

FLM 0.65 0.91 * 0.2607 0.84 0.07 <0.0001

p value 0.7876 0.0513 0.2437 0.0750

23 Control 0.26 1.20 <0.0001 0.90 0.30 0.1024

F 0.09 b 0.60 0.0017 0.20 0.40 0.1732

FL 0.20 ab 0.69 0.1923 0.37 0.32 0.9330

FM 0.18 ab 1.11 0.0011 0.45 0.66 0.5723

FLM 0.39 a 0.50 0.2906 0.21 0.29 0.5760

p value 0.0279 0.1952 0.8770 0.4832

31 Control 0.27 0.56 0.0123 0.26 0.30 0.7567

F 0.06 b* 0.99 ab 0.0008 0.17 ab 0.82 a* 0.0086

FL 0.22 a 0.27 c 0.7162 0.07 b 0.20 b 0.1191

FM 0.07 b* 1.25 a* 0.0002 0.23 a 1.02 a* 0.0036

FLM 0.28 a 0.53 bc 0.0923 0.10 ab 0.43 ab 0.0117

p value 0.0025 0.0018 0.0453 0.0036

41 Control 0.20 0.30 0.0740 0.09 0.21 0.0291

F 0.08 * 1.77 a* <0.0001 0.27 * 1.50 a* 0.0002

FL 0.13 0.81 bc* 0.0003 0.12 0.69 c* 0.0016

FM 0.10 1.57 ab* <0.0001 0.22 1.35 ab* 0.0003

FLM 0.19 0.83 c* 0.0089 0.13 0.70 bc* 0.0123

p value 0.1781 0.0046 0.0910 0.0050

48 Control 0.34 0.23 0.8684 0.08 0.15 0.0921

F 0.16 bc 2.47 a* <0.0001 0.36 * 2.11 a* <0.0001

FL 0.36 ab 1.20 b* 0.2441 0.14 1.06 b* 0.0011

FM 0.09 c 1.98 ab* 0.0003 0.32 1.66 ab* 0.0032

FLM 0.40 a 1.17 b* 0.0133 0.23 0.94 b* 0.0101

p value 0.0022 0.0138 0.2534 0.0069
* Significantly different from control according to Dunnett’s test at the 0.05 probability level.
† p values < 0.05 indicate TDP and PP concentrations are significantly different.
‡ p values < 0.05 indicate OP and NODP concentrations are significantly different.
§ Within columns for each sampling date, means followed by the same letter are not significantly different according to Tukey’s HSD (0.05).
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31 and 48 DAI, highest PP concentrations were in the con-
trol and substrates containing dolomite (Table 3). Relatively 
high PP concentrations in substrates containing dolomite at 
31 and 48 DAI, during which pH values were favorable for 
Ca-PO4 precipitation, may have been due to formation of 
Ca-PO4 precipitates. Formation of Ca-PO4 precipitates is 
supported by data from Visual MINTEQ modeling which 
indicated leachate solutions from FL and FLM were satu-
rated with respect to the Ca5(PO4)3(OH) solid phase at 41 
and 48 DAI (Table 4). The solid phase of Ca3(PO4)2 was 
also saturated in FL and FLM at 48 DAI; however, satura-
tion index values of Ca3(PO4)2 were low relative to those of 
Ca5(PO4)3(OH). Kinetics, metastable fast formers, and the 
presence of DOC can limit precipitation and thus interpre-
tation of this simulation output. Relatively high DOC con-
centrations, such as those observed in the current study make 
interpretation of Ca-PO4 precipitate formation particularly 
challenging, as DOC has been shown to impede nucleation of 
Ca-PO4 precipitates (Song et al., 2006).

Total dissolved P concentrations in F were similar to those in 
the control until 41 DAI (Table 3), suggesting indigenous P in the 
pine bark was the primary source of TDP until the CRF began 
releasing P between 31 and 41 DAI. Delayed P release from CRF is 
commonly reported in nursery crop production research (Broschat, 
2005; Broschat and Moore, 2007; Du et al., 2006; Newman et al., 
2006). Total dissolved P concentrations in the control decreased 
75% between 1 and 15 DAI. Yeager and Wright (1982) also re-
ported relatively high amounts of soluble P in a pine bark substrate. 
At 1, 5, 41, and 48 DAI, TDP concentrations were lower in FL 
and FLM than in F. Total dissolved P concentrations were lowest 
in FLM at 1 and 5 DAI, whereas at 41 and 48 DAI, FL and FLM 
had equivalent TDP concentrations. The FM substrate reduced 
TDP at 1 and 5 DAI in similar amounts as FL; however, TDP 
concentrations in FM were the same as those in F at 9 to 48 DAI. 
These data suggest that while micronutrient fertilizer reduced 
TDP concentrations by 30 and 40% at 1 and 5 DAI, respectively, 
this effect was short-lived. The greater effectiveness of FLM at re-
ducing TDP concentrations at the beginning of the study, relative 
to the end of the study, can therefore be explained by initial TDP 
reductions by the micronutrient fertilizer. Decreases in TDP by 
dolomite and the micronutrient fertilizer did not necessarily corre-
spond with a proportional increase in PP, suggesting dolomite and 
micronutrient fertilizer amendments improved total P retention in 
the substrate. To further investigate the effect of substrate amend-
ments on P retention in pine bark, an additional repeated measures 
ANOVA was performed on total P (TDP + PP; data not shown). 
Assessment of total P concentrations revealed a similar response to 
substrate treatments as was described for TDP. The effect of sub-
strate on TP was significant at 1 DAI (p < 0.0001), 5 DAI (p < 
0.0001), 9 DAI (p = 0.0004), 31 DAI (p = 0.0050), and 41 DAI 
(p = 0.0076). The FLM substrate reduced TP concentrations, on 
average, by 51% at 1, 5, and 9 DAI and by 45% at 41 DAI. The 
FL substrate reduced TP concentrations by 19 and 36% at 1 and 
5 DAI, respectively, and by ~52% at 31 and 41 DAI. In contrast, 

effects of FM on TP concentrations were apparent only at 1 and 
5 DAI, during which TP concentrations were ~36% lower than 
those in F. Thus, TP retention in FLM was initially controlled by 
the combination of dolomite and micronutrient fertilizer and later 
by dolomite only. The short-term effect of micronutrient fertilizer 
on P sorption may be related to its solubility. The rapid decrease 
in Ca and Mg to concentrations equivalent to or nearly equivalent 
to those in F by 23 DAI suggests that most of the dolomite in the 
micronutrient fertilizer had dissolved by 31 DAI. The component 
in the micronutrient fertilizer controlling P sorption is unclear 
however since the dolomite, Mn, and Fe constituents in the micro-
nutrient fertilizer may have had a role. Spectroscopic evidence has 
shown that retention of P by dolomite at relatively low P concen-
trations (i.e., <2 mg L−1) is primarily due to PO4 sorption to Ca 
and Mg sorption complexes (Xu et al., 2014).

The substrate × time simple interaction was significant for 
OP (p < 0.0001), but not for NODP (p = 0.3186; Table 1). The 
substrate × time interaction for OP was due to the decreasing ef-
fect of micronutrient fertilizer on OP concentrations over time. At 
1 and 5 DAI, OP concentrations were lower in FM than in FL, and 
lowest concentrations were in FLM. In contrast, at 31 to 48 DAI, 
OP concentrations in FM were the same as those in F, and lowest 
concentrations were found in FL to FLM. Hence, the response of 
OP to substrate amendments was similar to that of TDP; howev-
er, percentage reductions in OP in response to amendments were 
generally greater than those of TDP. Orthophosphate-P was 23 to 
55% of TDP in all substrates at 1 and 5 DAI, with generally lower 
proportions found in FLM. Thirty-one to 48 DAI, when the CRF 
was releasing P, OP contributed 74 to 86% of TDP in fertilized 
treatments. The relatively high initial NODP concentrations (i.e., 
3.9 mg L−1) decreased until 31 DAI, then remained relatively low 
compared to OP. The NODP fraction may have been associated 
with dissolved metal-humic complexes (Gerke, 2010). This fate 
of P is supported by Visual MINTEQ aqueous speciation output 
which predicted between 95% and 99% of Fe in solution was as-
sociated organic acids (data not shown). In addition, the positive 
correlation between NODP and DOC (r = 0.90) was stronger 

Table 4. Saturation indices calculated by Visual MINTEQ for P species 
saturated with respect to the solid phase (positive values) in leach-
ate at 1, 5, 40, and 48 d after experiment initiation of irrigated pine 
bark columns containing no amendments (control) or 4.75 kg m−3 
of 19N–2.6P–10K controlled-release fertilizer (F) with 4.15 kg m−3 
dolomite (FL), 0.89 kg m−3 micronutrient fertilizer (FM), or the combi-
nation of dolomite and micronutrient fertilizer (FLM).

Substrate Species

Time, days after initiation

1 5 41 48

Control MnHPO4 1.32 0.90 -1.09 -0.87

F MnHPO4 1.32 0.98 2.21 2.41

FL Ca5(PO4)3(OH) 2.01 4.09 7.00 7.70

MnHPO4 2.95 2.97 2.11 2.09

Ca3(PO4)2 (beta) -2.43 -1.37 -0.12 0.30

FM MnHPO4 1.94 1.65 2.22 2.61

FLM Ca5(PO4)3(OH) 0.23 3.51 6.59 7.26

MnHPO4 3.42 3.53 2.53 2.50

Ca3(PO4)2 (beta) -3.44 -1.70 -0.33 0.10
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that that between OP and DOC (r = 0.58), which supports the 
possibility of an association between NODP and organic sub-
stances. Van Moorleghem et al. (2011) determined that organic Fe 
colloids present in filtered solutions (<0.45 mm) reduced detection 
of OP by ion chromatography by as much as 51%, whereas TDP 
(determined via ICP–OES) was unaffected. Additional research is 
needed to investigate the OP to TDP ratio in pine bark once CRF 
release increases OP concentrations to 5 to 10 mg L−1, the current 
recommended range according to best management practices for 
container-grown crops (Bilderback et al., 2013a).

Conclusions
Results demonstrate that dolomite and micronutrient fertil-

izer improve P retention and therefore reduce P leaching from a 
pine bark substrate commonly used for production of container-
ized ornamentals. Compared to the fertilized substrate containing 
no amendments, the pine bark with dolomite and micronutrient 
fertilizer reduced OP concentrations by 70% when averaged across 
the sampling dates. The effects of micronutrient fertilizer on P re-
tention were diminished by the ninth irrigation event (23 cm), 
whereas dolomite reduced OP leaching throughout the 48-d study. 
Longevity and extent of P-retention of dolomite when baseline P 
concentrations are >5 mg L−1 need to be further investigated. If 
dolomite additions to pine bark can reduce P leaching throughout 
a growing season, dolomite amendments may be considered a best 
management practice for containerized crop production.
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