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Abstract

The efficacy of limestone sand and pelletized lime for remediation of soil acidity was compared in
order to determine if limestone sand was a more cost-effective alternative to pelletized lime. Be-
tween fall of 2002 and spring 2003, two forested sites in Pennsylvania were clear cut and fenced.
Pelletized lime and limestone sand were applied to separate 400-m2 plots within the sites at rates
of 2170 kg-ha-1 and 4335 kg-ha-1, respectively. Two additional 400-m? plots were used as controls.
A paired before-after control-impact study design was used to assess changes in soil, soil solution,
vegetation and biomass after lime application. Soil samples were collected from the 0i, Oe + Oa,
and A horizons before and after lime application. Woody and herbaceous vegetation was har-
vested from 1-m?2 sub-plots before and after liming and bi-weekly soil solution samples were col-
lected for six months following lime application. Analysis of variance procedures were used to
compare changes in the treatment plots over time. Changes in soil chemistry following lime appli-
cation were comparable on the limestone sand and pelletized lime plots. There was a significant
increase in exchangeable Mg and Mg saturation in the Oe + Oa horizon on all of the lime treatment
plots relative to controls, but a greater percentage of applied Ca and Mg was exchangeable in the
0O-horizon in pelletized lime plots nine months after liming. Plant biomass did not increase on the
lime treatment plots relative to the control one year post treatment. The majority of applied Ca
and Mg from pelletized lime and limestone sand remained in the litter layer, with little movement
into the A-horizon after one growing season. These results indicated that the application of limes-
tone sand at two times the rate of pelletized lime produced comparable changes in soil and soil
solution chemistry at a fraction of the cost.
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1. Introduction

The retention of base cations in the forest floor is critical to forest health and regeneration (Tomlinson & Tom-
linson, 1990). Acidic deposition and forest harvesting are both processes that may result in the export of base
cations from terrestrial ecosystems, and a reduction in nutrient capital on forested watersheds. If severe enough,
reduced soil fertility and increased acidity can limit forest growth, and eventually lead to a decline in acid sensi-
tive tree species (Cronan & Grigal, 1995; Hallett & Hornbeck, 1997; Demchik & Sharpe, 2000; Drohan et al.,
2002). Forest liming may be used to increase base saturation in the soil, and to mitigate soil acidity (Schreffler &
Sharpe, 2003). Liming also may benefit forest productivity by limiting the solubility of aluminum (Al) and its
exchange into soil solution, and by providing additional inputs of calcium (Ca) and magnesium (Mg) into the
soil.

Liming has been shown to stimulate nitrification in the forest floor; consequently high concentrations of NO3
in the soil solution also have been identified as a negative effect of terrestrial liming (Geary & Driscoll, 1996;
Simmons et al., 1996). Since forest harvesting has also been associated with increased nitrification in the forest
floor and excess NOs leaching, the application of lime to remediate nutrient losses following forest harvesting
has not been considered as a viable forest management technique (Simmons et al., 1996; De Keersmaeker et al.,
2000). Lime application has also been shown to lead to an increase in SO, concentrations in the soil solution (De
Keersmaeker et al., 2000; Schreffler & Sharpe, 2003). Increases in soil pH in the organic horizon that typically
follow lime application decrease the positive charge of the soil surface, leading to a reduction in exchange sites
for SO,, and an increase in SO, concentrations in the soil solution (Bolan et al., 1988). Liming also has been
shown to stimulate microbial mineralization of organic matter, resulting in SO, mobilization (Marschner, 1993).

Terrestrial application of lime has been used to mitigate soil acidity and base cation losses resulting from nu-
trient uptake and harvesting of crops in agriculture for hundreds of years. The liming of forest ecosystems is a
comparatively new restoration technique. Consequently, there is a lack of available field-based information re-
garding the costs and comparative benefits of forest liming, the transport and fate of lime in forested watersheds,
and the comparative evaluation of liming materials and application techniques.

Aerial application of pelletized lime is frequently used in large-scale forest liming projects; however, this
method of application is costly. The use of all-terrain spreading equipment could reduce cost of lime application
significantly. All terrain ground spreading equipment developed for this project was capable of applying both
pelletized limestone and limestone sand. Pelletized lime is of uniform particle size and dissolves rapidly. Li-
mestone sand is of variable particle size (<500 umm to 3 mm diameter), dissolves more slowly, is much less
expensive, and is easier to handle in bulk applications than pelletized limestone. The objective of this study was
to determine and compare the transport and fate of pelletized lime and limestone sand following forest harvest-
ing at two sites in Pennsylvania.

2. Materials and Methods
2.1. Site Descriptions

During 2002 and 2003 two forested sites on the Appalachian Plateau in Pennsylvania were harvested: Mosquito
Creek and Rolling Rock. The sites are located in northwestern and southwestern Pennsylvania, respectively. At
Mosquito Creek, the soils are strongly acidic to extremely acidic Cookport Hazleton Clymer associations, wea-
thered from shale and sandstone of the Pottsville Formation (Hallowich, 1988). Predominant hardwood seedl-
ings on the study plots included red maple (Acer rubrum) and black cherry (Prunus serotina), while smaller
numbers of northern red oak (Quercus rubra L.) and white oak (Quercus alba) seedlings also were present on
the plots. Dominant herbaceous vegetation of the study plots included hayscented fern (Dennstaedtia punctilo-
bula), and blueberry (Vaccinium spp.). This site was clearcut in spring/summer 2003 and enclosed by a 2.4-m
high woven wire fence to exclude white tailed deer (Odocoileus virginianus).

The soils at Rolling Rock are strongly acidic Gilpin-Dekalb-Cavode associations over acid gray shale and
siltstone (Taylor et al., 1968). An 8.1-ha block of timber was clearcut in the late summer and fall of 2002. The
site also was fenced in April 2003 using 2.4-m high woven wire fencing. Dominant hardwood seedlings within
this cut included red maple, and black cherry. Dominant herbaceous vegetation on the plots included common
greenbrier (Smilax rotundifolia), dewberry (Rubus hispidus), and common blackberry (Rubus allegheniensis).

Daily maximum and minimum temperature data for Mosquito Creek and Rolling Rock were collected from
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the University Park and Allegheny County Airport climate stations respectively. Daily precipitation data was
collected on-site from May 2004 through October 2004 using tipping bucket rain gages. Precipitation data from
the nearby climate stations was used to supplement on-site data from November 2003 through April 2004.

2.2. Liming Materials and Application

Three 20 m x 20 m study plots were randomly established at both sites: a control plot, a pelletized lime plot, and
a limestone sand plot. Dolomitic (high Mg) pelletized lime (~$200 per ton) and coarse dolomitic limestone sand
($12 per ton) were applied by hand to the appropriate plots.

Pelletized lime is made by granulating fine agricultural lime. Small granular particles are bound together into
small pellets, which are typically between 1 - 2-mm diameter, using a water-soluble lignosulfonate binder. Pel-
lets are designed to disintegrate and return to a granulated powder form upon contact with moisture. The pelle-
tized lime applied at Mosquito Creek and Rolling Rock was purchased from New Enterprise in Tyrone, PA.

Limestone sand is coarse material that is made by crushing limestone into smaller particles. Approximately
50% of limestone sand particles were >2 mm, and 25% were between 1 and 2 mm with the remainder consisting
of smaller particles down to <500 um diameter. The limestone sand applied at Mosquito Creek and Rolling
Rock was purchased from the New Enterprise Stone and Lime quarry in Tyrone and Ashcom, PA, respectively.

The pelletized lime and limestone sand products from both quarries were analyzed for Ca, Mg, Al and man-
ganese (Mn) content at The Materials Characterization Lab at Penn State University using a Leeman Labs
PS3000UV Inductively Coupled Plasma Emission Spectrophotometer. Limestone sand applied at Mosquito
Creek and Rolling Rock was 26% and 27% CaO respectively, and 16.4% and 15.9% MgO respectively. Pelle-
tized lime applied at Mosquito Creek and Rolling Rock was 25.7% and 27.4 CaO respectively, and 16.2% and
14.8% MgO respectively.

Lime application took place on September 27, 2003 at Rolling Rock, and on November 9, 2003 at the Mos-
quito Creek site. The pelletized lime and limestone sand products were applied to the plots at rates of 2170
kg-ha ' and 4335 kg-ha* respectively. Both products were applied by hand following 20 m transects across each
plot to ensure even distribution of the limestone sand and pelletized lime products (454 g-m 2 and 227 grm 2 re-
spectively). These lime application rates were chosen 1) to hold costs to a level that would be practical for adop-
tion of forest liming by forest management agencies; 2) to improve the base cation status of the limed soils and
reduce Al toxicity based on previous experience and; 3) to likely produce comparable results between the two
products since only a fraction of limestone sand particles are readily soluble compared to pelletized lime.

2.3. Soil and Soil Solution Sampling and Analysis

To determine the effect of the lime products on soil fertility, and to trace the movement of the products through
the soil profile, soil samples were collected from the study plots prior to liming and approximately one year after
liming. Three soil pits were excavated to a depth of 20-cm in each 20 m x 20 m plot, and samples were collected
from the Oe + Oa, A, and B soil horizons (3 replicates per horizon) and placed in zipperlock bags. Samples were
delivered to the Agricultural Analytical Services Laboratory at The Pennsylvania State University for chemical
analysis within 24 hours of collection. Sample analyses included pH, acidity, exchangeable base cations (K, Mg,
and Ca), phosphorus (P), and cation exchange capacity (CEC). Soil pH was measured using a glass electrode
and a 1:1 soil: water paste. Exchangeable base cations were measured using a Mehlich 3 extractant and induc-
tively coupled plasma (ICP) analysis. CEC was calculated through the summation of exchangeable cations
(Wolf & Beegle, 1995). Soil samples from the Oe + Oa and A horizons were analyzed for total Ca and total Mg
using a total sorbed metals test (acid digestion and ICP analysis) following EPA method 3050 (USEPA, 1986).
Initial results for total Ca and Mg in the Oe + Oa horizon of the limestone sand plots showed variances greater
than mean Ca and Mg concentrations; consequently, three additional Oe + Oa horizon samples were collected
for total Ca and total Mg analyses from both limestone sand plots in January 2005.

Soil solution samples were collected at the study plots to determine and compare the transport through the soil
profile and biological availability of the two lime products over the growing season. Six soil water samplers
were installed at each plot, three zero-tension at 5-cm depth, and three tension at 20-cm depth. Installation oc-
curred during August 2003 at Mosquito Creek, and during the September 2003 at Rolling Rock.

Zero-tension samplers were constructed from polypropylene trays (30 x 28 x 5 cm) with 8-mm drainage out-
lets. The top 5 cm of the soil was removed in four intact blocks and placed inside the pan. Cheesecloth was
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placed over the outlets in the pans to facilitate drainage of soil water into the collection bottles, and to prevent
the spouts from filling with soil (Swistock et al., 1990).

Tension samplers were constructed using 3.8-cm diameter PVC pipe and caps. Round bottom 5-cm diameter
ceramic porous cups were purchased from Soil Moisture Equipment Corporation. Tension samplers were as-
sembled following methods presented by Mitchell et al. (2001). A 10.5-cm diameter bucket auger was used to
excavate 20-cm deep holes for the samplers. Wetted soil from the bottom of the holes was packed around the
ceramic cup to ensure contact between the soil and the cup. Soil removed from the holes then was replaced and
packed down around the samplers in the order that it was removed (Swistock et al., 1990).

The samplers were installed nine months prior to sampling to ensure adequate time for soil and soil water to
return to pre-disturbance conditions (Shepard et al., 1990). Biweekly soil solution sampling was conducted from
April through October 2004.Soil solution samples from the three samplers of each type at each depth were ana-
lyzed separately for the first three sampling periods to ensure that chemical analyses of tension and zero-tension
samples at each plot were not significantly different. Samples from each depth were composited thereafter. To
ensure that composited soil solution samples were representative at each plot, an equal volume of solution from
each sampler was added when samples were composited.

Soil solution samples were analyzed for Al and Mn (Clesceri et al., 1998) at The Pennsylvania State Institutes
of the Environment (PSIE) water laboratory. Samples were analyzed using a Perkin Elmer 5100 ZL Zeeman
Furnace (3500A AA spectrometric method). Additional analyses were conducted at the US Forest Service’s
Timber and Watershed Laboratory in Parsons, West Virginia. Samples were analyzed for Ca, Mg, and potassium
(K) using a Perkin EImer Analyst 300 atomic absorption spectrophotometer (EPA methods 7140, 7450, and
7610, respectively). Nitrate (NO3) and sulfate (SO4) were measured using a Dionex Dx500 ion chromatograph
(EPA method 300). The pH of the soil solution was measured electrometrically using a Fisher 915 pH meter
with combination electrode, following EPA method 150.1 (Edwards & Wood, 1993).

2.4. Vegetation Collection and Analysis

Plant material was collected and analyzed in September 2003 before liming and in September 2004 after liming
to determine whether changes in plant biomass and nutrient content occurred due to liming. Five 1-m? quadrats
were randomly established in each plot using stratified random sampling methods. All of the vegetation rooted
within the quadrat was harvested at the base of the stem, dried (2 weeks, 105°C), weighed, and ground using a
Wiley Mill with a 1-mm screen. Leaf litter (Oi) and woody litter samples were collected from 900-cm? subplots
within each quadrat, and leaf litter thickness was measured in each corner of the subplot. Woody litter included
all twigs and small branches under 5-cm diameter. Vegetation, leaf and woody litter samples were sent to Agri-
cultural Analytical Services at The Pennsylvania State University for chemical analysis. Samples were analyzed
for analyzed for Ca, Mg, K, Mn, and Al with a Thermo Jerrell Ash 61E inductively coupled argon plasma emis-
sion spectrometer following the dry ash method (Miller, 1998).

2.5. Calcium and Magnesium Mass Balance and Capital Estimation

A mass balance of applied Ca and Mg was calculated to determine the fate of the lime products one growing
season after application. The mass of Ca and Mg before and after liming was measured in the vegetation, and Oi,
Oe + Oe, and A soil horizons. Increases in Ca and Mg masses were calculated by taking the difference between
before- and after-liming measurements. Increases observed in control plots were subtracted from increases in the
treatment plots and decreases in the control plots were added to treatment plots to account for natural changes.
In addition, Ca and Mg mass data from all plots prior to liming were used to estimate Ca and Mg capital in the
forest floor following forest harvesting.

The dry mass of the Oe + Oa horizon was estimated by removing the soil layer from three 400-cm® quadrats
within each treatment plot. Samples were dried at 100°C for 48 hr prior to weighing. The mass of soil in the A
horizon in each plot was estimated using soil thickness and bulk density data collected from three points in each
plot using the excavation method (Blake & Hartge, 1986). All horizon sampling and mass calculations did not
extend beyond 20-cm depth in the soil, since this was the lowest depth at which soil solution sampling occurred.
Oi layer and vegetation dry mass per unit area were estimated using average masses calculated from sampling
subplots (400-cm? and 1 m? respectively). The total mass of calcium and magnesium before and after liming
then were calculated from the concentration and mass per unit area values.
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2.6. Data Analysis

A before-after, control-impact (BACI) study design was used for data collection and analysis. This design al-
lowed us to account for pre-treatment differences existing among 20-m x 20-m study plots, and to exclude other
naturally occurring changes at the sites from our analysis of treatment effects. Analysis of variance (ANOVA)
was used to analyze treatment effects on soil, vegetation and soil solution chemistry. Changes in soil and vege-
tation chemistry before and after liming were compared among the treatment and control plots. Significant
treatment effects on soil and vegetation were determined through pairwise comparisons of changes in measured
parameters in treatment plots with changes in control plots. Because soil solution samples were collected only
after lime application, significant treatment effects on solution chemistry were determined using comparisons of
parameter concentrations after liming between treatment and control plots. MiniTab, version 13.3 was used to
conduct statistical analyses (MiniTab, 2000).

Data from Mosquito Creek and Rolling Rock were analyzed separately due to significant site differences. Oi
layer concentration data and soil solution concentration data, excluding pH and Ca/Al ratios, were log trans-
formed to meet model assumptions of normality and equal variance. Because soil and vegetation samples were
not taken from the same location before and after liming, changes in soil and vegetation chemistry were ana-
lyzed by subtracting mean sample concentrations before liming from individual sample concentrations after
liming. Differences before and after liming were compared among treatment and control plots using Tukey’s
pairwise comparisons with a 90% confidence interval. Soil solution concentrations were analyzed using a fixed
effects model that included treatment and time effects. Because soil solution samples were composited for the
majority of the sampling period, it was not possible to use a repeated measures design. Statistical analyses of
mass balance calculations, which included the increase in Ca and Mg (g-m?) for soil and vegetation, were con-
ducted using log-transformed masses of Ca and Mg.

3. Results
3.1. Soil Treatment Effects

Significant soil effects of both lime treatments were confined largely to the O-horizon at Mosquito Creek and
Rolling Rock. The exchange capacity of the O horizon soil at both sites is quite large; consequently, movement of
base cations out of this horizon is not expected to occur very rapidly. Changes to soil chemistry by limestone sand
and pelletized lime were similar at Mosquito Creek, and those were similar to changes resulting from pelletized
lime at Rolling Rock (Table 1). By contrast, changes in chemistry due to limestone sand at Rolling Rock were
significantly different from responses observed in the other treatment plots. Total Ca and Mg in the Oi layer in-

Table 1. Mean Oe + Oa horizon chemistry before and after lime application at Mosquito Creek and Rolling Rock. Table lists
p-values from pairwise comparisons between changes in soil chemistry after liming in treatment plots with changes in con-
trol plot.

Pelletized Lime Limestone Sand Control
Mosquito Creek Before After p-Value Before After p-Value Before After
pH 3.9 423 0.106 3.83 433 0.045 4.16 3.9
Ca/Al Ratio 46.99 47.13 0.221 38.43 64.84 0.010 56.21 36.80
Al 2.03 2.29 0.263 2.63 1.79 0.009 2.02 2.99
CEC 24.53 35.06 0.097 24.73 35.66 0.086 25.16 25.26
K (% Saturation) 4.1 3.06 0.108 4.36 2.3 0.043 3.06 3.36
Rolling Rock
pH 3.96 4.90 0.169 3.96 4.86 0.184 413 4.06
Ca/Al Ratio 10.66 108.69 0.010 42.39 83.58 0.192 28.21 22.22
Al 7.35 1.10 0.000 473 1.75 0.034 4.62 3.74
CEC 21.2 40.80 0.000 26.90 25.83 0.999 22.96 21.93
K (% Saturation) 2.90 243 0.103 2.03 2.20 0.490 2.70 3.46
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creased in both the limestone sand and pelletized lime plots at both sites. Pairwise comparisons showed signifi-
cant increases of log-transformed Ca and Mg concentrations in the Oi layer in the treatment plots at Mosquito
Creek and Rolling Rock (p < 0.001). All of the limed plots experienced a significant increase in mean exchan-
geable Mg in the Oe + Oa horizon (Table 1). CEC increased significantly in the Oe + Oa horizon of all of the
limed plots except the limestone sand plot at Rolling Rock. Increases in exchangeable Ca were observed in the
Oe + Oa horizon of all of the limed plots except the limestone sand plot at Rolling Rock; however, only the in-
crease in Ca following pelletized lime application at Rolling Rock was statistically significant (Table 1). Soil
pH increased in the Oe + Oa horizon on all of the treatment plots; however, the change was not statistically sig-
nificant. Mean K saturation decreased significantly following limestone sand and pelletized lime application at
Mosquito Creek, and pelletized lime application at Rolling Rock (Table 1).

Pairwise comparisons between changes in Oe + Oa horizon chemistry following lime application showed li-
mited differences between the lime treatments. At Mosquito Creek, limestone sand resulted in a significantly
greater increase in Ca/Al ratios compared to the pelletized lime treatment (p = 0.096). At Rolling Rock, mean
exchangeable Ca and CEC showed a significantly greater increase following pelletized lime treatment compared
to the limestone sand (p = 0.009 and p = 0.003 respectively).

Mean pH, Ca/Al ratio, and exchangeable Mg decreased in the Oe + Oa horizon of the control plot at Mosquito
Creek between 2003 and 2004. At Rolling Rock, mean pH, Ca/Al ratio, exchangeable Ca and exchangeable Mg,
and CEC decreased in the Oe + Oa horizon of the control plot (Table 1). However, only the decreases in pH
observed at both sites were statistically significant, with p = 0.052 and p = 0.004 respectively.

Soil chemistry in the A horizon at Mosquito Creek and Rolling Rock did not exhibit a statistically significant
treatment response. Total Ca and Mg in the A horizon did not show a significant response to either treatment;
however, total Ca increased significantly over time on all plots at both sites (p < 0.05). No significant treatment
effects were observed in the B horizon at either site, which exhibited little to no change in soil chemistry.

3.2. Soil Solution Chemistry Treatment Effects

At Mosquito Creek, Ca concentrations in the soil solution did not respond significantly to limestone sand or pel-
letized lime application at 5- or 20-cm depth (Figure 1 and Figure 2). Conversely, Ca soil solution concentra-
tions showed a response to both types of lime application for both soil depths at Rolling Rock (Figure 3 and
Figure 4). The limestone sand application resulted in the greatest increase in Ca concentrations at both depths.
Soil solution Ca concentrations at 5-cm depth may have been higher in the limestone sand plot at Rolling Rock
compared to the limestone sand plot at Mosquito Creek because of much higher precipitation during the study
and subsequently greater dissolution of limestone sand at Rolling Rock.
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Figure 1. Comparison of mean soil solution chemistry (umol-L ™" except pH and Ca/Al molar ratio)
at the 5-cm depth at the Mosquito Creek site between control, limestone sand and pelletized lime
treatments. Letters above bars indicate statistically significant differences at o = 0.05.



N. L. Mizel et al.

60

m Control

%3
=1

Limestone Sand

OPelletized Lime

N
(=1

1553
(=1

Soil Solution Chemistry (umol/L)
W
o

(=1

pH Ca K NO3 S04

Mn Ca/Al

Figure 2. Comparison of mean soil solution chemistry (umol-L ™" except pH and Ca/Al molar ratio)
at the 20-cm depth at the Mosquito Creek site between control, limestone sand and pelletized lime
treatments. Letters above bars indicate statistically significant differences at o = 0.05.
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At Mosquito Creek, Mg concentrations in soil solution at 5-cm depth were typically highest in the pelletized
lime plot, while concentrations at 5-cm depth on the limestone sand plot were typically below the control (Figure
1). This trend was supported by statistical analysis, which showed that pelletized lime application resulted in a
significantly greater increase in Mg concentrations compared to the limestone sand treatment. Mg concentra-
tions at the 5-cm depth at Rolling Rock remained above concentrations in the control following limestone sand
and pelletized lime application (Figure 3). Statistical analysis of Mg concentrations at 5-cm depth showed no
significant difference between the two lime treatments at Rolling Rock. Mg concentrations in soil solution col-
lected at 20-cm depth were higher in both limed plots than the control plots at both study sites (Figure 2 and
Figure 4). There was no difference in Mg concentrations between the lime treatments at both sites.

K concentrations at both 5- and 20-cm depths declined on all plots. This trend was supported by statistical
analysis of log K values from both Mosquito Creek and Rolling Rock, which were combined together by depth
to determine changes over time (p < 0.01 at 5 cm, p < 0.000 at 20 cm). While there was no significant difference
in soil solution K between the two treatments for either study site at 5-cm depth (Figure 1 and Figure 3), the
control had significantly higher K concentrations than the treatment plots. By contrast, at 20-cm depth at Mos-
quito Creek, K concentrations were significantly higher in both lime plots compared to the control plots (Figure 2).
At Rolling Rock, there was no significant difference in K concentrations among the limed and control plots
(Figure 4).

Mean soil solution pH was highest at 5- and 20-cm depth following pelletized lime application at both sites
(Figures 1-4). Limestone sand application did not result in soil solution pH over 5 at either sampling depth at
the study sites. At Mosquito Creek, mean pH at 5-cm depth on the limestone sand plot was significantly higher
than the control. Conversely, mean pH at 20-cm depth was significantly lower than the control following limes-
tone sand application at Mosquito Creek. Mean soil solution pH was significantly lower than the control at 5-
and 20-cm depth on the limestone sand plot at Rolling Rock.

Mean NO; concentrations at 5-cm depth remained low in the limestone sand plot at Mosquito Creek through-
out the growing season (mean = 0.158 mg-L ), while concentrations in the control plot were consistently higher
than in either treatment plot. Neither lime treatment resulted in NO; concentrations at 5-cm depth that were sig-
nificantly greater than the control at both study sites (Figure 1 and Figure 3). At both Mosquito Creek and
Rolling Rock, NO3 concentrations at 20-cm depth were highest on the plots treated with limestone sand at the
beginning of the growing season. However, NO; concentrations in the limestone sand plot at Mosquito Creek
fell below the mean NO; concentrations in both the pelletized lime and control plots at the end of August and
remained below them. At Rolling Rock, mean NO; concentrations at 20-cm depth were highest in the limestone
sand plot throughout the growing season. There were no significant pairwise differences in soil solution mean
NO; at 20-cm depth between all plots at Mosquito Creek, but mean NO3 was significantly higher in the limes-
tone sand plot at Rolling Rock than in the pelletized lime and control plots (Figure 3 and Figure 4).

Soil solution SO, concentrations at Mosquito Creek were significantly higher in the pelletized lime than in the
limestone sand and control plots at both 5- and 20-cm depths (Figure 1 and Figure 2). At Rolling Rock, SO,
was significantly lower in the pelletized lime treatment at the 5-cm depth compared to the other plots (Figure 3).
At 20-cm depth, concentrations were significantly higher in both of the limed plots compared to the control, but
the two treatments were not significantly different from one another (Figure 4).

At Mosquito Creek, Al concentrations at 5-cm depth were significantly higher in the control compared to the
treatment plots, while there was no significant difference between the two lime treatments (Figure 1). At 20-cm
depth, mean Al concentrations were highest in the limestone sand plot from May through early August, after
which they dropped below the control through September. However, mean Al concentrations for the entire pe-
riod were not significantly different between the limestone sand and control plots at 20-cm depth, but Al con-
centrations were significantly lower in the pelletized lime plot than the control and limestone sand plots at
Mosquito Creek (Figure 2). Mean Al concentrations at Rolling Rock were highest in the limestone sand plot at
both depths (Figure 3 and Figure 4). Al concentrations at 20-cm depth at Rolling Rock were significantly high-
er in both limed plots than in the control, while there was no significant difference in Al soil solution concentra-
tions between the limestone sand and pelletized lime plots.

Pairwise comparisons of Ca/Al ratios at 5-cm depth were not significantly different between any of the study
plots at Mosquito Creek or Rolling Rock (Figure 1 and Figure 3). At Mosquito Creek, mean Ca/Al ratios in soil
solution at 20-cm depth were highest in the pelletized lime plot (Figure 2). Mean Ca/Al ratios at 20-cm depth at
Rolling Rock were significantly higher in the control plot than in both of the treatment plots (Figure 4).
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Mn concentrations at 5-cm depth were highest in the control plot at Mosquito Creek on all but one sampling
date. At 5-cm depth in the pelletized lime plot at Rolling Rock they ranged from 0 to 0.1 mg-L " throughout the
sampling period. Mn concentrations in the limestone sand plot declined gradually throughout the growing sea-
son. By contrast, Mn concentrations in the limestone sand plots at 5-cm depth at Rolling Rock were significantly
greater than both the control and pelletized lime plots (Figure 3). At 20-cm depth, results for the types of lime
were essentially opposite one another at Mosquito Creek and Rolling Rock. Mn concentrations were highest in
the pelletized lime plot at Mosquito Creek (Figure 2), while at Rolling Rock, concentrations were highest in the

limestone sand plot (Figure 4).

3.3. Vegetation Chemistry and Biomass Responses

Ca and Mg concentrations decreased in the vegetation growing in control plots between 2003 and 2004 at both
Mosquito Creek and Rolling Rock (Figure 5 and Figure 6). Ca concentrations increased in vegetation in both
limed plots at both sites but was only significant in treatment plots at Mosquito Creek (Figure 5). Mg concen-
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Figure 5. Mean vegetation calcium and magnesium (%) before and after lime application at Mosquito
Creek. The “*” above bars denotes a statistically significant difference at p < 0.05.
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Figure 6. Mean vegetation calcium and magnesium (%) before and after lime application at Rolling Rock.
The “**” above bars denotes a statistically significant difference at p < 0.10.
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trations increased in all limed plots except for the pelletized lime plot at Mosquito Creek (Figure 5 and Figure
6). Mg concentrations increased in vegetation in the pelletized lime plot at Rolling Rock compared to the con-
trol.

K concentrations decreased significantly in vegetation between 2003 and 2004 in all plots at both Mosquito
Creek and Rolling Rock (p < 0.005, and p < 0.000, respectively). Pairwise comparisons showed no significant
difference between decreases in K concentrations on treatment and control plots at both study sites. Liming did
not significantly affect vegetation biomass. Vegetation biomass was highest in the limestone sand plots at both
sites both before and one year after liming. Vegetation biomass increased in both control plots by 195%. Vege-
tation in the pelletized lime plot at Rolling Rock had the smallest mean percent increase in biomass (148.91%).
Increases in vegetation Mg content observed at Mosquito Creek and Rolling Rock were not significantly corre-
lated with greater increases in vegetation biomass.

3.4. Mass Balance of Applied Calcium and Magnesium

Mass balance calculations showed that 44% to 78% of Ca and Mg applied remained in the O-horizon of limed
plots (Table 2). The standard deviations of mass balance estimates were very high as a result of high variance in
total Ca and Mg in the upper soil horizons of limed plots. Statistical analysis of the distribution of applied Ca
and Mg in the soil and vegetation on treatment plots showed few differences between Ca (kg-ha ') and Mg
(kg-ha™) values in the limestone sand and pelletized lime plots. At Mosquito Creek, mean Mg (kg-ha *) was
significantly higher in the A-horizon of the pelletized lime plot compared to the limestone sand plot (p < 0.10).
Mean Mg (kg-ha ') was significantly higher in the vegetation on the limestone sand plot at Rolling Rock when
compared to the pelletized lime plot (p < 0.10). The mass of Ca increased in the A-horizon of all study plots at
Rolling Rock. Five to six percent of applied Ca on the limed plots at Rolling Rock moved into the A-horizon.
By contrast, Mg did not increase in the A-horizon of either limed plot at Rolling Rock (Table 2).

4. Discussion

The results from this study demonstrated three major points:

1) Pelletized lime and limestone sand application were effective methods of mitigating Mg losses observed in
the Oe + Oa horizon on control plots between 2003 and 2004. However, a greater percent of applied Ca and
Mg from the pelletized lime was present in an exchangeable form in the soil about nine months after liming
compared to limestone sand. Due to slow dissolution and high retention of Ca and Mg in the O-horizon, nei-
ther product increased base saturation or reduced acidity in the mineral soil during the first year of treatment.
While this study did not specifically look at longer term impacts from the lime applications, Pabian et al.
(2012), reported enhanced levels of Ca, Mg and Ca: Al ratios, bird and snail abundance, and forb biomass five
years after a similar application of limestone sand on an adjacent forest site.

Table 2. Mean (std. deviation) of applied calcium and magnesium in various compartments on limestone sand and pelletized
lime plots at Mosquito Creek and rolling rock following liming.

Mosquito Creek Calcium (%) Magnesium (%)
Compartment Limestone Sand Pelletized Lime Limestone Sand Pelletized Lime
Leaf Litter (Oi) 15.07 (7.08) 22.03 (25.56) 14.28 (6.77) 22.08 (19.40)
Oe + Oa Horizon 62.66 (40.54) 45.04 (51.49) 60.03 (38.64) 40.97 (50.47)
A-Horizon 0.52 (7.49) 3.32(12.62) 0.20(9.34) 14.98 (71.47)
Vegetation 0.73 (0.70) 1.10 (1.43) 0.77 (1.04) 0.76 (0.73)
Missing 21.02 (55.85) 28.51(135.31) 24.72 (55.85) 21.21 (150.88)
Rolling Rock
Leaf Litter (Oi) 3.26 (3.45) 18.01 (26.90) 3.48 (3.69) 19.62 (23.70)
Oe + Oa Horizon 40.80 (40.72) 54.43 (17.59) 41.58 (32.03) 38.13 (55.24)
A-Horizon 5.46 (24.96) 6.84 (35.22) 0.55 (9.23) 0.31 (78.23)
Vegetation 1.43 (1.65) 0.11 (1.80) 0.95 (0.86) 1.07 (1.85)
Missing 49,05 (70.79) 20.61 (81.52) 53.44 (45.81) 40.87 (59.01)
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2) Lime application did not significantly increase plant biomass on treatment plots compared to plant growth on
the control plots. Large biomass increases would not be expected until woody stems became established on
the plots and the presence of acid tolerant species on the study plots would indicate the potential for a poor
initial response to base additions. Slow dissolution of the lime products and limited availability of applied Ca
and Mg for plant uptake also may have limited vegetation growth responses to liming application. Conse-
quently, several additional growing seasons would be required for growth changes to express themselves.
Results from another similar study in this region (Pabian et al., 2012) showed substantial growth increases
five years after liming. It is also possible that another nutrient may have been limiting plant growth at Mos-
quito Creek and Rolling Rock.

3) Pelletized lime and limestone sand treatments resulted in similar vertical distributions of applied Ca and Mg.
The majority of applied Ca and Mg from pelletized lime and limestone sand remained in the litter layer, with
little movement into the A-horizon. Greater leaching of applied Ca in the soil solution was observed at Roll-
ing Rock presumably due to a thinner O-horizon, and greater amounts of precipitation at Rolling Rock dur-
ing the study period. Mass balance calculations at Mosquito Creek showed evidence of greater downward
transport of applied Mg on the pelletized lime plot, but due to large confidence intervals in distribution esti-
mates, it is difficult to say that Mg derived from pelletized lime moved deeper into the soil.

Several other findings from this study are important to note. K saturation in the O-horizon was inversely re-
lated to Ca and Mg exchange, given that the greatest degree of K saturation was observed on the control plots at
Mosquito Creek and Rolling Rock, and the limestone sand plot at Rolling Rock. The pattern of K concentrations
in the soil solution observed at Mosquito Creek in control and treatment plots showed vertical leaching of K
through the soil following liming. Lower concentrations of K in the soil solution at 5-cm depth in the limed plots
may indicate that Ca and Mg exchange reactions occurring shortly after lime application reduced the amount of
K in the O-horizon that could be easily leached. Higher K concentrations in treatment plots at 20-cm depth may
be indicative of excess K leaching from the O-horizon, which could have begun shortly after lime application.
Declines in K concentrations in the soil solution on all plots at Mosquito Creek and Rolling Rock throughout the
growing season may indicate high demand for K by vegetation and soil biota. Consequently, additional applica-
tion of K fertilizers may be necessary with forest liming to ensure adequate K nutrition.

Limestone sand application appeared to increase nitrification in the forest floor during the first half of the
growing season when plant nutrient uptake increases rapidly. Similar results were not observed on the pelletized
lime treatment plots, suggesting that the observed response was related to the different dissolution rates of the
two products. Due to the faster dissolution rate of pelletized lime, it is possible that a similar peak in NO; con-
centrations in the soil solution had occurred on the pelletized lime plots prior to the first sampling period. The
rapid decline observed in soil solution NO; concentrations in the limestone sand plots during the second half of
the growing season indicated that plant and microbial demand for N may have increased, and/or nitrification in
the soil may have decreased.

Elevated SO, concentrations in soil solution were observed on both limed plots at Rolling Rock, where the
mean increase in O-horizon pH was the greatest. At Mosquito Creek, soil solution SO, concentrations in the
pelletized lime plot were elevated above concentrations in the control. Differences in soil solution SO, concen-
trations between the study sites could be explained by lower dissolution of limestone sand at Mosquito Creek
and higher SO, concentrations in the soil and soil solution at Rolling Rock prior to liming. Greater SO, satura-
tion in the soil is likely at Rolling Rock due to higher SO, deposition at the site. According to Lynch (1999),
SO, deposition is highest in the western third of Pennsylvania where Rolling Rock is located, and decreases to
the northeast toward the Mosquito Creek site. Mean SO, concentrations in the control at Rolling Rock at 20-cm
depth were almost 1.5 times greater than mean concentrations in the control at Mosquito Creek, suggesting that
SO, leaching was greater at Rolling Rock prior to lime application.

Both pelletized lime and limestone sand products appeared to be effective at increasing Ca and Mg concentra-
tions in the vegetation at Rolling Rock, where concentrations on the control plots decreased. A similar response
to treatment was observed in vegetation at Mosquito Creek; however, an increase in the mean Mg concentration
of vegetation was not observed on the pelletized lime plot at Mosquito Creek despite a large amount of dissolu-
tion and movement of applied Mg. These results suggest that Mg may not have been limiting the growth of acid
tolerant plants at this site. In addition, increases in vegetation biomass on the treatment plots at Mosquito Creek
and Rolling Rock were not correlated with increases in Ca and Mg content in vegetation. The lack of correlation
between Ca or Mg availability and plant concentrations, and the lack of plant growth responses may be ex-
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plained by plant species present at the study sites. Demchik and Sharpe (1998) found that red maple and blu-
eberry had a negative response to Ca addition when measuring root elongation and these were two of the domi-
nant species found at Mosquito Creek. Long et al. (1997) found that application of dolomitic lime did not affect
growth of black cherry, which was dominant at both Rolling Rock and Mosquito Creek. In addition, methodol-
ogy used to measure changes in nutrient content in vegetation were less sensitive to increases in Ca and Mg
content because all plant biomass was included in the analysis, not just new growth following lime application.
It is possible that, with time, additional species that favor soils with higher Ca and Mg will colonize these sites
and yield a different response.

Cost is an important consideration for any large-scale forest liming project. Limestone sand and pelletized lime
cost approximately $12 per ton and $200 per ton, respectively excluding equipment and labor. Both of these
products were selected because each could be applied effectively in rough terrain with a commercially available
log skidder especially modified for this purpose. In a much larger lime application on 800 acres at a nearby forest
site, Pabian et al. (2012) found that limestone sand required much less effort to store and handle and was a very
practical material for large scale forest revitalization activities.

5. Conclusions

Based on soil and soil solution chemistry on the control plots, both the Mosquito Creek and Rolling Rock,
Pennsylvania sites appear to be nutrient poor sites with high soil acidity (Federer et al., 1989). It was expected
that lime applications would serve to replace Ca and Mg losses resulting from soil acidification and forest har-
vesting at these sites.

Currently available ground spreading equipment may only be used to apply pelletized lime or limestone sand
products due to clumping of fine powders that occurs in spreading equipment. Pelletized lime is currently about
17 times more expensive than limestone sand. Few terrestrial liming studies have investigated the efficacy of
coarse lime materials (limestone sand). The results from this study indicated that, when applied at two times the
rate of pelletized lime, limestone sand produced changes in soil and soil solution chemistry, and vegetation nu-
trient content comparable to pelletized lime, and thus, was a much more cost effective product than pelletized
lime. Treatment effects were different between Rolling Rock and Mosquito Creek presumably due to pre-treat-
ment site conditions; however, limestone sand increased exchangeable Mg and Mg saturation in the Oe + Oa
horizon at both sites. Mosquito Creek had greater retention of applied Ca and Mg in the O-horizon, which was
evident from significant increases in pH, CEC, exchangeable Ca and the Ca/Al ratio in the Oe + Oa horizon. In-
creases in NO; and SO, concentrations in soil solution did not appear to be excessive following application of
either product. Due to the shallow rooting depth of tree seedlings, the significant treatment response observed in
the O-horizon may give acid-sensitive tree species a greater opportunity for establishment and survival.

Both Mosquito Creek and Rolling Rock showed evidence of dissolution of the limestone sand product that
was substantial enough to create conditions similar to those observed on the pelletized lime plots approximately
nine months after lime application. Limestone sand dissolved rapidly even though the average sized particle was
greater than the pelletized lime, both before and after pelletized lime had disintegrated into a fine powder upon
contact with moisture. It is likely that the finest fraction of limestone sand particles dissolved and was present in
the soil solution.

Dominant vegetation at the study sites was not highly sensitive to soil acidity; consequently, a significant in-
crease in plant biomass following lime application was not observed on any of the treatment plots. We hypo-
thesize that liming may increase plant biomass following the remediation of soil acidity, which would allow for
the establishment of more acid-intolerant woody plant species. Results from soil solution and vegetation chemi-
stry indicated that K concentrations declined on the study sites between 2003 and 2004. Lime application can
exacerbate K leaching as a result of Ca antagonism; consequently, it may be desirable to apply K fertilizers with
lime.
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