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Abstract. The objective of this study was to develop reactivity indices to describe the pH
response for liming materials incorporated into container substrates. Three reactivity
indices [particle size efficiency (PSE), fineness factor (FF), and effective calcium
carbonate equivalence (ECC)] were developed based on lime particle size distribution
and lime neutralizing value (NV) in CaCO3 equivalent. Six lime particle size fractions
(2000 to 850, 850 to 250, 250 to 150, 150 to 75, 75 to 45, and <45 mm) separated from each
of three calcitic limes and seven dolomitic limes were used to calibrate PSE, and were
based on the increase in substrate pH (DpH) incited by the particle size fraction relative
to reagent grade CaCO3 when mixed in a sphagnum peat substrate at 5 g CaCO3

equivalents per liter of peat. PSE for calcitic carbonate limes at day 7 (short-term pH
response) were 0.13, 0.40, 0.78, 0.97, 1.00, and 1.00 for 2000 to 850, 850 to 250, 250 to 150,
150 to 75, 75 to 45, and <45 mm particle fractions, respectively. Other PSE values were
described for dolomitic carbonate limestones and for long-term pH response, and PSE
was modeled with a function over time. FF was calculated for a liming material by
summing the percentages by weight in each of the six size fractions multiplied by the
appropriate PSE. ECC rating of a limestone was the product of its NV and FF. ECC
multiplied by the applied lime incorporation rate could be used to predict substrate-pH
response. Estimated PSE values were validated in two experiments that compared
expected and observed substrate pH using 29 unscreened carbonate and hydrated lime
sources blended with peat. Validation trials resulted in a close correlation and no bias
between expected and observed pH values. Revised PSE values are useful to evaluate the
reactivity of different limestone sources for container substrates given the fine particle
size, short crop duration, and pH sensitivity of many container-grown crops.

The effectiveness of a lime material for
neutralizing acidity of substrates depends on
its neutralizing capacity, fineness of grinding,
chemical composition, and mineralogy (Barber,
1984). Because the dissolution of limestone
occurs as a surface reaction, the particle size
distribution of a liming material directly
influences the dissolution rate and its effec-

tiveness in neutralizing soil acidity. A parti-
cle size efficiency (PSE) factor can be
assigned to each particle size fraction of an
agricultural limestone (Meyer and Volk,
1952; Motto and Melsted, 1960; Murphy
and Follett, 1978). A single limestone source
includes a range in particle sizes, and the
percent by weight of each particle size
fraction (PF) describes the distribution. The
overall PSE (ranging from 0 to 1) of a lime
source can be described by its fineness factor
(FF), calculated for time t as the sum of PF
and PSE for each of i = 1 to n particle size
fractions:

FFt =
Xn

i=1

PFi 3 PSEi;t

� �
[1]

The term ‘‘effective calcium carbonate
equivalence’’ (ECC), calculated as a ratio of
neutralizing value compared with CaCO3,
quantifies the combined effects of particle
size distribution and acid neutralizing value

(NV) of a limestone on pH response, calcu-
lated as:

ECC = FF 3 NV [2]

PSE values have been defined for agricultural
limestone in field soils. Liming particles
coarser than 2000 mm (retained on a U.S.
10-mesh screen) had no effect on soil pH
(Meyer and Volk, 1952; Motto and Melsted,
1960; Murphy and Follett, 1978; Tisdale
et al., 1993). A lime particle size finer
than 250 mm (passed through a 60-mesh)
had 100% effectiveness for agronomy crops
(Barber, 1984; Tisdale et al., 1993). For lime
particle fraction 250–2000 mm, there is some
inconsistency between sources on the relative
effectiveness for agronomic lime use. How-
ever, it is generally agreed that the PSE of
three particle fractions of >850 mm (retained
on a 20-mesh screen), 850 to 250 mm (passing
a 20-mesh but retained on 60-mesh screen),
and <250 mm (passing a 60-mesh screen)
could be assigned as �20%, 60%, and
100%, respectively, on the basis of a review
of published research (Meyer and Volk,
1952; Motto and Melsted, 1960; Murphy
and Follett, 1978), lime material review and
texts (Barber, 1984; Tisdale et al., 1993), and
state extension sources (Little and Watson,
2002; Peters et al., 1996).

PSE could also be used as a reactivity
index to characterize lime materials for con-
tainer substrates, but existing PSE values
based on long-term response from coarse
lime grades applied in field soils require
recalibration. Many limestones used in con-
tainer substrates are classified as pulverized,
superfine (Schollenberger and Salter, 1943),
with the majority of particles <250 mm.
Agronomic PSE values would therefore pro-
vide no distinction between these very fine
grades of limestone. Furthermore, nursery
and greenhouse crop duration (and therefore
required lime reaction times) is often only
several weeks in length, rather than months
or years for field crops and pasture.

In this study, we evaluated the PSE of
six particle size fractions ranging from
>850 mm (retained on U.S. standard 20-
mesh screen) to <45 mm (passed through
325-mesh screen) based on a survey of
horticultural lime samples. We then quanti-
fied FF, NV, and ECC based on the PSE of
each limestone. The specific objectives of
this project were:

(a) To develop PSE appropriate for horti-
cultural substrates that can quantify
the reactivity of fine particles with
short-term substrate-pH responses.

(b) To quantify the ECC of a survey
of lime sources and validate the re-
lationship between particle size and
substrate-pH change.

Materials and Methods

Description of limestone samples. Reagent-
grade CaCO3, and 29 commercial liming
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samples that are used horticulturally in con-
tainer substrates were used in this study (Table
1). The limestone materials represented a
wide range of physical and chemical proper-
ties, and came from 14 sources of green-
house, fertilizer, and substrate companies.
The sample included 25 carbonate and four
hydrated limes. Moisture content for the
tested limestone samples varied from 0.05%
to 1.2% (data not shown), which is important
because increasing moisture decreases effec-
tive NV per gram of limestone. Moisture
level for our data set was low compared with
up to 10% moisture measured in some agri-
cultural limestones (Barber, 1984).

Based on the Ca/(Ca + Mg) ratio, carbon-
ate limestones were categorized into two
distinct groups: calcitic limestones and dolo-
mitic limestones (Table 1). The Ca/(Ca +
Mg) ratio for calcitic lime samples ranged
from 0.84 to 0.99, with an average of 0.94.
For dolomitic lime samples, the Ca/(Ca +
Mg) ratio ranged from 0.62 to 0.67, with an
average of 0.64. The overall average Ca and
Mg content for calcitic lime samples were
34.5% and 2.2%, respectively, compared
with 19.8% Ca and 11.3% Mg for dolomitic
lime samples. Hydrated lime materials
included both calcitic and dolomitic sources,
with up to 46.7% Ca content in calcitic
hydrated lime and 19.8% Mg in dolomitic
hydrated lime (Table 1). In comparison, pure
calcite contains 40% Ca with no magnesium
contamination, while pure dolomite contains
21% Ca and 13% Mg.

Tested lime samples contained other
nutrient elements and Al, which affects both
fertilizer value and lime reactivity. Increas-
ing metal oxide content directly decreases
acid neutralizing value, and metal oxide
coatings of limestone particles can inhibit
limestone dissolution reaction (Warfvinge
and Sverdrup, 1989). Fe content varied from
0.03% to 0.4%, with an average of 0.11%.
Mn content varied from 0.004% to 0.04%,
with an average of 0.012%. The average
contents of B, Al, P, and K were 0.008%,
0.04%, 0.05%, and 1.03%, respectively.
Micronutrients Cu, Zn, and Mo were not at
detectable levels. Previous research showed
that, at a normal application rate (10 t per ha),
many agricultural limestones contain impor-
tant amounts of Fe and Mn for field crops
(Chichilo and Whittaker, 1958, 1961). At the
recommended incorporation rate of 6 g�L–1 of
soilless container substrates (Nelson, 2003),
the tested carbonate lime samples would supply
1.05–2.37 g Ca, 0.02–0.76 g Mg, 1.8–24.2 mg
Fe, and 0.24–2.46 mg Mn in 1 L of substrate.

The NV of calcitic limes ranged from
94% to 101% (Table 1), with an average of
99%. In contrast, the NV of dolomitic lime-
stones varied from 95% to 108.7%, with an
average of 103.4%. Dolomitic lime samples
tended to have higher neutralizing capacities
than calcitic sample because of the lower
molecular weight of MgCO3 compared with
CaCO3, although inert impurities decreased
NV in several dolomitic limestones (D1,
D3, D4, D8, and D15). The hydrated liming
materials, with lower molecular weights

than calcium carbonate, had the highest
average NV (137.8%), ranging from 117%
to 163%. The dolomitic hydrates (H1 and
H3) had higher NV than calcitic hydrates
(H2 and H4).

Dry sieving was performed in a sieve
shaker for the first 30 min, and each individ-
ual sieve was then manually shaken to ensure
all fine particles passed through the sieve.
The sample was passed through a series of six
standard sieves and the results are expressed
as percentage passing through or remaining
on each sieve: >850 mm (retained on a U.S.
standard 20-mesh sieve), 850 to 250 mm
(retained on a 60-mesh sieve), 250 to 150 mm
(retained on a 100-mesh sieve), 150 to 75 mm
(retained a 200-mesh sieve), 75 to 45 mm
(retained on a 325-mesh sieve), and <45 mm
(passed through a 325-mesh sieve). Each
fraction was dried and weighed to obtain its
percentage in the sample (Table 1).

Trial 1. The pH response from the six
particle size fractions for the calibration
samples and from all unscreened 29 lime
samples and reagent CaCO3, was quantified
by incorporating the lime samples at 5 g CCE
per liter of peat substrate. The substrate was a
Canadian sphagnum peat (Professional Black
Bale Peat, SunGro Horticulture, Bellevue,
WA) with long fibers and little dust (Von
Post scale 2–3; Puustjarvi and Robertson,
1975). The initial pH of the raw peat was
3.5. Substrate moisture was brought to con-
tainer capacity (near saturation point at 500
mL water per liter of substrate) in a partially
open plastic bag and was incubated at room
temperature (22 �C) for 11 weeks. Substrate
pH was measured at days 0, 1, 7, 14, 21, 28,
35, 42, 49, and 77 with three replicates using
an Orion 620 pH meter (Thermo Electron
Co., Waltham, MA). On each pH measure-
ment date, the solution was squeezed from
the substrate into a corner of the bag, without
removing the solution or substrate from the
bag. Substrate pH was then measured directly
in the solution, and the solution was then
mixed back in with the substrate (minimal
evaporation occurred).

Trial 2. The 29 unscreened limestone
samples and reagent CaCO3 were incorpo-
rated into a different peat sample (unlimed
pH 3.7) but from the same commercial source
as in Trial 1, at a rate of 5 g per liter of peat
(equivalent to 5 kg�m–3 or 8.3 lb/cubic yard,
not corrected for equal NV). Sample prepa-
ration and data collection were consistent
with Trial 1, and substrate pH was measured
on days 0, 1, 7, 14, 21, 28, 35, and 44 with
three replicates.

Quantifying lime reactivity parameters.
Three calcitic and seven dolomitic limestone
samples were randomly selected from among
all 29 commercial limestone samples for the
calibration of PSE values (Table 1), including
three calcitic and seven dolomitic limestones
(Table 1). Because not all limestone samples
contained particles >850 mm, only five sam-
ples were analyzed (C2, D5, D7, D9, and
D12) for this particle fraction (Fig. 1A and
B). The six particle fractions separated from
each of the ten limestone samples were mixed

at 5 g CaCO3 equivalents (CCE) per liter of
peat substrate as described below for Trial 1.
Substrate pH was measured over time, and
the PSEt on day t of a particle size fraction
was determined as:

PSEt = ðpH increase on day tÞ=
ðcorresponding pH increase on

day t for reagent CaCO3Þ [3]

ANOVA was used to evaluate substrate pH
for Trial 1 separately for each measurement
date and particle fraction, with chemical type
(calcitic or dolomitic) as the main effect, and
limestone source as a nested effect within
chemical type. PSE values were then calcu-
lated based on the screened calibration sam-
ples in Trial 1 using Eq. [3]. PSE data for
each lime source were analyzed separately by
date using PROC GLM of SAS (SAS Insti-
tute, 1999) to test effects of lime chemistry
(calcitic or dolomitic), particle size fraction,
and their interaction. Means for each lime
chemistry and particle size fraction were
separated by Tukey’s HSD (P # 0.05). PSE
values based on pH response at day 7 were
used to calculate the FF and ECC for all 29
unscreened limestone samples. The relation-
ship between the ECC and pH from Trials 1
and 2 for the unscreened limestones was
analyzed using SAS PROC REG, separately
by measurement date and trial.

PSE data were also plotted over time for
each chemistry and particle size fraction, and
a monomolecular curve was fitted for each
particle size fraction. The equation of the
monomolecular function was

PSE = A ð1� e�ktÞ [4]

where A represents the maximum effective-
ness between 0 and 1, k is a rate parameter,
and t represents the days after incorporating
the lime into peat. The monomolecular func-
tion is a symmetrical function that is deriv-
able, separates the magnitude of pH response
(A) from the reaction rate (k), and may therefore
be useful for simulating pH change over time.

Using PSE to estimate pH response. Sub-
strate pH response following lime incorpora-
tion in a peat substrate depends on the initial
substrate pH, the buffering of the substrate to
change in pH, and the effective applied lime
incorporation rate. Substrate buffering (pHB)
can be quantified with units of DpH per
milliequivalent of base per liter of substrate
[DpH/(meq CaCO3�L–1)]. Titration of peat
with Ca(OH)2 shows a nearly linear pH
response with increasing application rate of
base up to a pH near 7.0 (Rippy and Nelson,
2005). Because of this linearity, few data
points are needed to quantify pHB for a given
substrate. In our study, we used the final pH
(day 77 in Trial 1, and day 44 in Trial 2)
following incorporation of 5 g reagent
CaCO3 per liter of peat to quantify pHB.

One gram of pure CaCO3 equals 1000/
50.045 = 19.98 meq of base. The ECC of a
particular lime source at a given number of
days t after incorporating lime can be calculated
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from Eq. [2] using PSE values estimated at
time t from Eq. [4], multiplied by 19.98 to
give the effective meq of base per gram. The
pH response (pHt) at time t for a given
number of grams of applied lime�L–1 (C)
can be calculated from

pHt = pHinit + CðECCt 3 19:98Þ3 pHB [5]

where pHinit is the initial unlimed substrate
pH. We used Eq. [5] to validate our PSE
estimates. The substrate pH for each
unscreened limestone was predicted using
Eq. [5] for Trial 1 and Trial 2 and was then
compared against the observed substrate pH.

Results and Discussion

Peat pH responses for different particle
size fractions. Reagent CaCO3 had only one
particle size fraction, with 100% passed
through a 325-mesh sieve (<45 mm) (Table
1). After 77 d, final substrate pH from reagent
CaCO3 increased by 2.18 pH units (Fig. 1K),
which equaled the mean final DpH for the
four finest particle fractions. In contrast, the
two coarsest particle fractions had a lower
final DpH (1.18 and 2.03 on day 77 for the
>850 mm and 850 to 250 mm fractions for
both calcite and dolomite, respectively) com-
pared with either finer particles or reagent
CaCO3 (Fig. 1). Substrate pH on day 77 was
similar between calcitic and dolomitic chem-
ical types. The mean DpH on day 77 was 2.14
and 2.19 for calcitic and dolomitic chemical
types, respectively (within 0.05 pH unit, P =
0.36).

Within a given mesh size, there were
differences in pH response between lime
sources, indicating that factors other than
particle diameter and Ca/Mg balance also
contributed to pH change. For example,
variation from the mean pH on day 77 for a
given particle fraction was within ±0.3 pH
unit for a particular lime source. On earlier
measurement dates, differences from a given
lime source and the mean pH was also within
±0.4 pH unit. Lime reactivity is affected by
total surface area including internal pore
space (Barber, 1984; Haby and Leonard,
2002; Love and Whittaker, 1954, Parfitt and
Ellis, 1966), crystal structure (Rippy, 2005),
and iron contamination (Parfitt and Ellis,
1966; Warfvinge and Sverdrup, 1989), which
were not evaluated in our study. The moder-
ate level of variation between lime sources at
a given particle fraction found in this exper-
iment increases confidence that different lime

Fig. 1. Changes in the substrate pH of a peat substrate over time for peat amended with 5 g CCE�L–1

for the six particle size fractions of the ten different lime sources in the calibration sam-
ples plus reagent grade CaCO3 (calcitic materials—C2, C3, and C6; dolomitic materials—D2,
D5, D6, D7, D9, D12, and D16). The confidence interval (95% CI) in parentheses represents the
pooled value within the same particle size fraction. Legends for calcitic and dolomitic mate-
rials are enclosed in K and L, respectively. Reagent CaCO3 had only one particle size fraction
(<45 mm) and was only plotted in K. For the coarsest particle size fraction (2000 to 850 mm)
had only one calcitic limestone sample (C2) and four dolomitic limestone samples (D5, D7, D9,
and D12).

Table 2. Particle size efficiency (PSE) estimates based on six screened particle fractions from 10 calibration lime samples on different days after mixing limestone
into the substrate in Trial 1.z

Particle size (mm)

Day 1 Day 7 Day 14 Day 28 Day 77

Calcitic Dolomitic Calcitic Dolomitic Calcitic Dolomitic Calcitic Dolomitic Calcitic Dolomitic

850–2000 mm (10–20 mesh) 0.013 h 0.028 h 0.103 f 0.181 f 0.213 e 0.263 e 0.357 d 0.365 d 0.530 c 0.551 c
250–850 mm (20–60 mesh) 0.107 g 0.106 g 0.447 e 0.442 e 0.652 d 0.620 d 0.826 c 0.803 c 0.909 b 0.933 b
150–250 mm (60–100 mesh) 0.229 f 0.213 f 0.794 c 0.662 d 0.908 bc 0.866 c 0.986 ab 0.976 b 0.973 ab 0.980 a
75–150 mm (100–200 mesh) 0.421 d 0.356 e 0.913 abc 0.831 c 0.966 ab 0.978 ab 0.986 ab 0.997 a 0.970 ab 0.991 a
45–75 mm (200–325 mesh) 0.642 b 0.506 c 0.981 ab 0.935 ab 0.993 ab 0.987 ab 0.983 ab 0.993 ab 0.979 ab 0.986 a
<45 mm (>325 mesh) 0.778 a 0.636 b 0.987 a 0.957 ab 0.986 ab 0.997 a 0.990 ab 0.994 Ab 0.974 ab 0.990 a
zMeasured PSE = (DpH from the lime fraction)/(DpH from reagent-grade CaCO3) for each measurement day. Data were analyzed separately by measurement day,
and means were compared with Tukey’s HSD at the P # 0.05 level.
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sources had a culturally similar (although
statistically different) pH response at a given
particle fraction and that the mean pH
response across lime sources may be a
reasonable approximation for estimating
PSE. It may also be possible to improve
prediction of pH response by incorporating
factors such as total surface area.

The greatest DpH (3.26) for the reagent
CaCO3 occurred 1 d after incorporation,
decreased by day 7 to DpH 2.52, and declined
gradually to a final DpH 2.18 (Fig. 1K). The
initial rapid pH increase and subsequent
decline were probably incited by an initial
disequilibrium with respect to both CO2 and

exchange of protons at substrate exchange
sites, as discussed by Rippy and Nelson
(2005). The finest particle fraction (<45 mm)
had a similar reaction pattern to CaCO3, with
the highest DpH occurring on day 1 or 7, with
a particularly high initial pH increase for
calcitic lime sources. In contrast, DpH for the
two coarsest lime fractions was still increas-
ing slightly by day 77. Duration required to
increase mean DpH by at least 2.18 units was
1, 7, 7, or 28 d for the <45, 75 to 45, 150 to 75,
and 250 to 150 mm fractions, respectively.

Relative PSE, FF, and ECC. PSE of each
particle fraction differed on day 1 such that
PSE ranged from 0.013 to 0.778 for calcitic

and from 0.028 to 0.636 for dolomitic lime
samples (Table 2). By day 77, there were
only two statistically separate PSE groups for
calcitic limestones (>850 mm and all other
particle sizes), and three statistically separate
PSE groups for dolomitic limestones (>850
mm, 250–850 mm, and all finer particle sizes),
with no difference between chemical types.
No differences in PSE occurred between
chemical types (calcitic vs. dolomitic limes)
for the two most coarse particles fractions of
>850 mm and 250–850 mm on any measure-
ment day, although there were only five
limestone sources with >850 mm-sized par-
ticles, which reduced the statistical power of
the analysis to identify differences. For the
finer particle fractions, calcitic limestones
had a slightly higher PSE than the dolomitic
limestones on days 1 and 7. Differences
between the two chemical types diminished
as time progressed, limestones reacted more
completely, and PSE approached 1.

As each particle fraction gradually
reacted with the peat acidity, PSE increased
over time to a maximum of 1 with a pattern of
diminishing returns (Fig. 1). A monomolec-
ular function, Eq. [4], was used to quantify
PSE increases over time (Table 3, Fig. 2).
Estimates of A, the maximum PSE parameter
in Eq. [4], were not significantly different
from 1 for the four particle fractions finer
than 250 mm, and A was therefore set to a
value of 1 in the nonlinear regression for
these fractions. In contrast, A equaled 0.563
for the >850 mm and 0.900 for the 850 to 250
mm fractions. The largest particle sizes may
never completely react in peat, at least during
the short time frame for seasonal greenhouse
crops. Coarse particles have low exposed
exterior surface area in general and may also
have greater internal surfaces (or internal
pores) than fine particles (Rippy, 2005), both
of which would reduce reactivity compared
with fine particles. In addition, the surface of
limestone particles can become coated by
precipitates of Fe and organic C from soil

Table 3. Parameter estimates for the monomolecular function to estimate the particle size effectiveness (PSE) for six lime particle size fractions over time, where
PSE = A(1 – e–kt).z

Particle size fraction (mm)

850–2000 250–850 150–250 150–250 75–150 75–150 45–75 45–75 <45 <45
U.S. mesh size 10–20 20–60 60–100 60–100 100–200 100–200 200–325 200–325 Pass 325 Pass 325
Lime typey C, D C, D C D C D C D C D
K 0.038 0.085 0.219 0.152 0.513 0.335 1.027 0.693 1.504 1.009
SE of k 0.003 0.003 0.009 0.003 0.027 0.011 0.003 0.016 0.059 0.016
A 0.563 0.900 1 1 1 1 1 1 1 1
SE of A 0.019 0.007
Days to 95% reaction N/A N/A 13.7 19.7 5.8 8.9 2.9 4.3 2.0 3.0
Days to 50% reaction 58.2 9.5 3.2 4.5 1.4 2.1 0.7 1.0 0.5 0.7
r2 x 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.99

Calculated PSE values (suggested for horticultural description of lime sources)w

Short-term (7 d) 0.13 0.40 0.78 0.66 0.97 0.90 1.00 1.00 1.00 1.00
Long-term (77 d) 0.53 0.90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
zA represents the maximum effectiveness between 0 and 1, k is a rate parameter, and t represents the days after incorporating the lime into peat. Days to 95%
reaction, days to 50% reaction, and short- and long-term PSE values were calculated using the monomolecular function.
yC = calcitic, and D = dolomitic carbonate limes. For the two most coarse particle size fractions, there was no significant difference between PSE for calcitic and
dolomitic limes.
xThe r2 was determined for a simple linear regression between the estimated PSE using the monomolecular function vs. the measured PSE. Measured PSE = (DpH
from the lime fraction)/(DpH from reagent-grade CaCO3).
wThese PSE values are calculated from the monomolecular function in this table based on day 7 (‘‘Short-term’’) or day 77 (‘‘Long-term’’). For highly reactive
hydrated lime, PSE can be assumed to equal 1.00 for all particle sizes over both short and long terms.

Fig. 2. Reaction curves (shown as lines) estimated with the monomolecular function to estimate the PSE
for six lime particle size fractions over time for calcitic (C) and dolomitic (D) carbonate limes, where
PSE = A(1 – e–kt) and parameter estimates for A and k are described in Table 3. Symbols represent the
calculated mean PSE with 95% CIs.
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solutions (Warfvinge and Sverdrup, 1989).
These coatings, formed from the oxidation of
amorphous iron carbonate readily precipitat-
ing on the mineral surfaces, inhibit limestone
dissolution reaction.

The ECC is a measure of expected base
strength of a limestone (considering both
acid- neutralizing capacity and particle size)
and therefore substrate-pH response. For
dynamic simulation of pH over time, the
monomolecular function could be used (addi-
tional model parameters for substrate buffer-
ing capacity, temperature and moisture level
would also be part of a substrate-pH model).
However, to compare and classify limestone
sources, discrete PSE values are needed. All
particles smaller than 75 mm (passing through
a 200-mesh screen) were estimated to react
by day 7, and all particles smaller than 250
mm (passing a 60-mesh screen) were esti-
mated to react by day 77, as indicated by a
PSE of 1.00 in Table 3. Because pH (and PSE)
changes over time, the question arises of
which measurement day is most appropriate
for selecting a PSE value and resulting ECC.

Our suggested PSE values for short- and
long-term reaction of limestones in container
substrates are shown in the bottom of Table 3.
In Trials 1 and 2, conditions were close to
optimum for pH reaction, with the substrate
maintained near saturation and at 22 �C.
However, in commercial situations, these
reaction conditions can vary widely. For
example, the moisture level of compressed
bales may start out to be <25% while loose-
filled bags may be >40% saturated. If the
bales or bags are exposed to precipitation,
then the moisture levels can go much higher.
The storage temperature of the substrate can
range from <0 to >30 �C. Storage duration
can range from <30 min to >4 months. Once
the substrate is placed into a pot, variable
moisture levels and temperatures can also
occur.

It is our conclusion that a PSE based on
day 7 may be most appropriate for short-term
crops (4–8 weeks) and as a measure of lime
reaction rate, because rapid pH rise is needed
in short-term crops and there is insufficient
time for complete lime reaction for coarse
particles (Table 3, see ‘‘Short-term’’ PSE
values). For long-term crops (2-month duration
or more) and as a measure of potential
equilibrium-pH, a PSE based on day 77 may
be more appropriate (Table 3, see ‘‘Long-term’’
PSE values).

The estimated FF for each lime source
was calculated based on the short-term (day
7) and long-term (day 77) PSE values. Short-
term FF (Table 1) for carbonate limes ranged
from 16.6% (coarse: C2) to 100% (fine: C1)
and averaged 89.7%. Long-term FF (data not
shown) ranged from 57.3% to 100%. Multi-
plying FF by NV, the ECC at day 7 ranged
from 16.4 (C2) to 162.6 (H1), indicating that
H1 had 10 times the initial acid neutralizing
capacity of C2.

Validation of pH response. Expected sub-
strate pH for day 7 and 28 for the unscreened
limestones in Trials 1 and 2 was calculated
using Eq. [5], where the PSE values were
estimated using the monomolecular function
for t = 7 or 28 d (Table 3). Substrate buffering
(pHB, Eq. [5]) was calculated from pH
response with CaCO3 from day 77 (Trial 1)
or day 44 (Trial 2) and equaled 0.0225 or
0.0246 pH unit/meq CaCO3, respectively.
For Trial 1, the lime concentration (C in
Eq. [5]) varied between lime sources to equal
5 g CaCO3 per liter of substrate, whereas
C equaled 5 g for each limestone in Trial 2
(not corrected for NV). Expected and
observed substrate pH are compared in
Fig. 3. For all comparisons (day 7 and day
28 in both trials), the intercept did not differ
significantly from 0 and the slope did not
differ from 1, indicating that the estimates
were not biased. Adjusted r2 for the compar-

isons ranged from 0.83 to 0.88, indicating
that the majority of variation in substrate
pH was accounted for by Eq. [5] and pro-
viding validation of the monomolecular
function parameters (see Table 3) for calcu-
lating PSE.
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Fig. 3. Comparison between expected and observed
substrate pH at 7 or 28 d after mixing lime into
the substrate, from two trials. Expected pH was
calculated using pH = pHinit + C(ECC · 19.98)
· pHB, where pHinit is the initial unlimed
substrate pH, C is the lime rate (g�L–1), ECC
is the effective calcium carbonate equivalence,
and pHB represents substrate pH buffering
[DpH/(meq CaCO3�L–1)]. PSE was estimated
with the monomolecular function from Table 3
for days 7 and 28. The solid line represents a
1:1 relationship.
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