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Abstract 
Soil Response of Helicopter Liming in the Monongahela National Forest 

Jarrett Douglas Fowler 

Soils in the Monongahela National Forest (MNF) are acidic due to sandstone parent 

material, acid deposition, uptake of base cations by vegetation, and release of organic acids by 

organic matter (OM) decomposition. Increases in soil acidity have caused declines in forest 

health and changed species composition and nutrient status. Liming can neutralize soil acidity, 

but no large-scale liming projects have been done on acid forest soils in the USA. In anticipation 

of acquiring funding for a proposed liming project in the MNF, in 2007 and 2009 10 sites were 

selected to sample and analyze soils before lime was applied. In 2018, funds were approved 

and a total of 284 ha (700 ac) were limed by helicopter in the MNF near Richwood, WV. Liming 

material particle size varied from small sand to small gravel chips and the liming rate was 

targeted for 6.7 to 11.2 Mg/ha (3 to 5 tons/ac). These same 10 sampling sites representing 

Limed and Unlimed areas were then resampled in 2019 (previous sampling dates were 

simplified to 2009) using the same procedures and analyses.  

On Unlimed soils in 2019, pH in the O, A, and B horizons was 4.6, 4.3, and 4.8, 

respectively. Acidity values averaged 11, 11, and 7 cmol+/kg and aluminum (Al) concentrations 

were high in these acid soils at 261, 627, and 464 mg/kg in O, A, and B horizons. Average Ca 

concentrations varied from 7.9, 0.5, and 0.1 cmol+/kg, while average % organic matter (OM) 

ranged from 58, 14, and 7% in O, A, and B horizons. When comparing Unlimed sites sampled in 

2009 and 2019, differences in measured parameters were small. In Limed soils in 2019, pH in 

the O, A, and B horizons was 5.9, 4.6, and 4.7, a significant rise in the O horizon. Average acidity 

values were reduced by 73% in O horizons, and less so in A and B horizons. Average Al 

concentrations were drastically reduced in O and A horizons (261 mg/kg in 2009 to 58 mg/kg in 

2019; 627 mg/kg in 2009 vs 325 mg/kg in 2019), with similar values in the B horizon (~475 

mg/kg). Average Ca concentrations in 2019 Limed sites were at least three times higher at 27.2, 

3.2, and 0.4 cmol+/kg in O, A, and B horizons compared to Unlimed sites. Average 

concentrations for K, Mg, and P were very similar to Unlimed soils in O, A, and B horizons. 

Average ECEC values increased slightly in O horizons (33 compared to 22 cmol+/kg) due to 

liming but were similar in A and B horizons. Average OM values decreased from 58% to 35% in 

O Horizons, but again, little change in A and B horizons. Based on these first-year results, liming 

had a significant effect on several properties in O and A horizons. However, lime particles in the 

O horizon (which were observed during sampling of O horizons) caused these increases in soil 

pH, Ca, ECEC concentrations, along with decreases in acidity and aluminum. These changes are 

an artificial effect due to collecting undissolved lime particles during our sampling. As lime 

dissolves and is integrated into the soil, these parameters will change and more accurately 

reflect the effect of the liming on the O and A horizons. 
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1. Introduction  
Forest soils in the Appalachian region are becoming more acidic with time due to the 

uptake of base cations (Ca, K, Mg, and Na) by vegetation, release of protons by vegetation, 

release of organic acids through organic matter decomposition, and acid deposition (Bailey et 

al., 2005; Drohan and Sharpe, 1997). Many of these forest soils are formed from acidic 

sandstone parent materials with no base-supplying capacity. Acid deposition exacerbates 

increasing acidity in these soils. Acid deposition is formed when sulfur oxides and nitrous oxides 

(SOx and NOx) from vehicles and industrial emissions are discharged into the atmosphere and 

then precipitate down as fine dust particles or with precipitation (Likens and Butler, 2019). The 

emissions react with atmospheric moisture to form sulfuric and nitric acids which fall on the 

landscape and infiltrate into soils (Shukla et al., 2013). The introduction of these products into 

soils results in an increase of soil acidity and decreasing soil pH (Kaupenjohann et al., 1989). 

These effects are most pronounced in forest soils with timber harvesting. When harvesting 

occurs, the removal of trees opens the forest up to invasion of tree and shrub species more 

adapted to acid conditions (often lower value tree species), thereby displacing the valuable 

hardwood forest that developed on the site during the past century with no acid deposition. 

This shift in composition of tree species due to acid deposition can lead to species losses, can 

impact forest diversity, and can decrease economic value of forests (Driscoll et al., 2001; Moore 

et al., 2014). 

To mitigate acid deposition and decrease acidity of forest soils, liming is a recommended 

treatment (Moore et al., 2014; Huettl and Zoettl, 1993). Liming to reduce forest soil 

acidification has the potential to increase forest health and vitality, and to reduce the potential 

for forest composition change after harvesting. In studies where lime has been added to acid 

forest soils, results showed that indeed calcium (Ca) and magnesium (Mg) and soil pH increased 

and acidity decreased, and this improvement in soil chemistry due to liming appears to persist 

for years after liming (Bailey et al., 2005; Drohan and Sharpe, 1997).   

The Monongahela National Forest (MNF) has one of the highest rates of acid deposition 

in the USA. As timber harvesting occurred in the forest, MNF soil scientists noticed changes in 



2 
 

species composition and further study showed that soil pH declined (Connolly et al., 2007; Farr 

et al., 2009). Therefore, to mitigate these changes in soil acidity and forest composition, a 

liming program was developed by the US Forest Service (USFS), a division within the United 

States Department of Agriculture. Steep slopes, forest vegetation, and poor road networks 

make it difficult to apply lime to the surface by conventional surface liming application 

equipment. Therefore, application of lime by aerial methods using a helicopter was selected. 

Liming has been used before in Germany and other European countries to apply lime to acid 

soils since the mid 1980’s (Huettl and Zoettl, 1993) and in North America for watershed 

improvement experiments (Driscoll et al., 1996; Battles et al. 2014; Johnson et al., 1997; 

Theenhaus and Schaefer, 1995), and for lake and stream remediation (Hudy et al., 2000; DEC, 

2014).  

1.1 Study Objectives 
In 2018, 284 ha of land in the MNF were limed by helicopter aerial application. Based on 

previous studies in the Appalachian Region, a target liming rate of between 6.7 to 11.2 Mg/ha 

(3 to 5 tons/ac) was applied. A project was established between scientists with the USFS and 

West Virginia University (WVU) to sample soils in the MNF one, three, and five years after 

liming. The goal of the project was to determine whether an increase of Ca and a decrease in 

soil pH were realized in soils due to liming. Scientists sampled the soils by digging five soil pits at 

each of 10 locations representing both limed and unlimed areas. From each pit (50 total pits), a 

soil sample was taken from the O, A and upper B horizons. Soil samples were analyzed for Ca, 

Mg, pH, and acidity, along with other parameters by the University of Maine soil testing 

laboratory. The objectives of this study were to determine whether the expected changes due 

to liming were realized in the soils of the MNF. Specific questions were:  

Did the application of lime to these soils: 

1) raise pH and Ca levels in the O, A and upper B horizons; 

2) decrease soil acidity and Al concentrations in these horizons; 

3) change other elemental concentrations in soils;  
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4) and to determine the changes in these soils over the 10-year period from 

2009 to 2019. 

2. Literature Review 

2.1 Introduction 

Forest soils in the Appalachian region are becoming more acidic with the uptake of base 

cations (Ca, K, Mg, and Na) by vegetation, release of protons by vegetation, release of organic 

acids through organic matter decomposition, and acid deposition (Bailey et al., 2005; Drohan 

and Sharpe, 1997). Acid deposition began as early as the 1950’s as coal-fired power plants were 

built to supply an expanding US economy dependent on electricity (Likens et al., 1996). Acid 

deposition (also known as acid rain) is formed when vehicular, industrial, and/or agricultural 

emissions of sulfur oxides and nitrous oxides (SOx and NOx) accumulate in the atmosphere and 

then precipitate down as fine dust particles or with precipitation (Likens and Butler, 2019). The 

emissions react with atmospheric moisture to form sulfuric and nitric acids which fall on the 

landscape and infiltrate into soils (Shukla et al., 2013). The introduction and accumulations of 

these acid products over time resulted in a change in soil chemistry, increasing soil acidity and 

decreasing soil pH (Kaupenjohann et al., 1989). Though most forest vegetation in this region is 

adapted to mildly acidic soil conditions, the decrease of soil pH from acid deposition, along with 

the uptake of base cations by vegetation, have exacerbated the impact thereby creating both 

environmental and economic problems (Burns et al., 2016; Burtraw et al., 2007, Federer et al., 

1989). Acid deposition (acid rain) emerged as the most publicly visible environmental issue 

during the 1970’s and 1980’s and has been shown to have negative impacts on soils, soil fauna, 

forest tree species, amphibians, birds, aquatic biota, mammals, and humans (Greenfelt et al., 

2020; Moore et al., 2014). A shift in composition of tree species due to acid deposition, which 

could lead to a loss of species associated with the dominant forest types, could impact forest 

diversity as well as economic value of forests (Driscoll et al., 2001; Moore et al., 2014). 

These impacts are most often noticed on areas where timber harvesting has occurred 

because species more adapted to acid soil conditions replace those that existed before 

harvesting. The Monongahela National Forest (MNF) is composed of an assemblage of at least 
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75 species of trees which are sorted across the landscape based on slope and aspect, soil depth 

and moisture, and disturbance (USDA Forest Service, 2020). White oak (Quercus alba), red oak 

(Quercus rubra), black oak (Quercus velutina), chestnut oak (Quercus prinus), tulip-poplar 

(Liriodendron tulipi fera), hickories (Carya spp.), black locust (Robinia pseudoacacia), and black 

cherry (Prunus serotina) are dominant species (Elias et al., 2009). With forest soils becoming 

more acid, red maple (Acer rubrum) and black cherry are increasing in the forest (Bigelow and 

Canham, 2002) with reductions in sugar maple (Acer saccharum), white oak and yellow poplar 

in forest stands (Moore et al., 2008; Moore and Quimet, 2006).  

2.2 Economic Value of Forests  

The forests in West Virginia provide significant income to the state. Being the third most 

forested state in the United States, the timber industry in West Virginia provides 30,000 jobs 

statewide and an annual income of $3 billion (Snedegar, 2017). The wood produced from WV 

forests are more than 700 million board feet of lumber, 770 million square feet of oriented 

strand board (OSB), and 800 million square feet of veneer annually (Gazal et al., 2017). The 

forest-based industry in WV is separated into five categories: 1) miscellaneous forest products, 

2) logging, 3) solid wood products, 4) wood furniture, and 5) pulp and paper (Gazal et al., 2017). 

The first category, miscellaneous forest products industry, consists of forest products and 

timber tract production, and contributes about 4,000 jobs, $1.44 million in total labor income, 

$1.8 million in total value added, and $3.4 million in total output in 2015. The logging industry, 

the second category, created 3,360 jobs and contributed $105 million in total labor income, 

$129 million in total value added, and $237 million in total output; making it the second largest 

contributor to WV’s economy out of the five forest-based industries in the state. The solid 

wood products industry category includes sawmills, wood preservation, veneer and plywood 

manufacturing, pre-fabricated wood buildings, wood container and pallet manufacturing, 

engineered wood members and truss manufacturing, reconstituted wood product 

manufacturing, and custom architectural woodwork and millwork manufacturing. In 2015, the 

solid wood product industry contributed 12,445 total jobs, $535 million in total labor income, 

$771 million in total value added, and $2.2 billion in total output. Fourth, the wood furniture 

industry includes wood windows and doors and millwork manufacturing, wood kitchen cabinet 
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and countertop manufacturing, upholstered and non-upholstered household wood furniture 

manufacturing, and office furniture. In 2015, this industry created about 2,189 jobs, and 

contributed $95 million in labor income, $105 million in total value added, and $278 million in 

total output. The pulp and paper industry, the fifth category, includes, pulp, paper and 

paperboard mills, paperboard container manufacturing, coated and laminated paper, packaging 

paper and plastic films manufacturing, sanitary paper product manufacturing, and other 

converted paper product manufacturing. This industry provides 1,648 jobs, $87 million in total 

labor income, $135 million in total value added, and $486 million in total output (Gazal et al., 

2017). 

Another important income-generator in West Virginia is the outdoor industry which 

includes tourism, hiking, fishing, whitewater rafting, canoeing, and hunting. According to the 

U.S. Fish and Wildlife Service, the hunting industry contributes $552 million a year to WV, while 

skiing generates 250 million and whitewater rafting generates $248 million (McCoy, 2018). 

Hunting in WV is also responsible for $153 million in salaries and wages and $35 million in state 

taxes (McCoy, 2018). Hunting related expenditures (lodging, food, transportation and 

equipment) also provided an additional income of $270 million to West Virginia (WV DNR, 

2020). According to the American Sportfishing Association (ASA) in 2018, it is estimated that 

457,600 anglers spent $352 million while fishing in West Virginia, contributed to the support of 

4,950 jobs and resulted in $518 million in economic output (American Sportfishing Association, 

2019). License sales also provide a source of revenue for the state. For the 2018-2019 fiscal 

year, the total revenue from hunting and fishing license sales was $14 million ($8 million from 

582,280 resident license sales and $6 million from 220,437 nonresident license sales) (WV DNR, 

2019). West Virginia state parks and forests provided recreation for nearly 7 million visitors and 

employed 400 full time workers and 1,200 seasonal and summer staff directly in fiscal year 

2016-2017. This section also provided jobs for an additional 3,209 full-time equivalent jobs in 

support industries. The economic impact of West Virginia state parks and forests annually 

ranges from $161 million to $190 million (WV DNR, 2019). 

With diminished forest quality and water quality due to increasing acidic soils, the 

economic impact on the timber industry and on outdoor recreation activities could be 
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devastating on West Virginia and the states in the Appalachian region both short-term and 

long-term. A long-term effect is the replacement of oaks by maples, although this change is not 

yet obvious in mast production but will take decades to reverse (McShea et al., 2007). This 

decline of an important tree species will accompany loss of wildlife habitat and ecosystem 

function as acorns are the most important food resource for birds and mammals during the 

dormant season in hardwood ecosystems. Acorn abundance levels can affect many bird and 

mammal species in regard to the length of their home ranges, reproduction during the winter, 

feeding habits, body fat percentage, and can affect milk fat percentage (McShea et al., 2007).   

2.3 Geology and Soils 

West Virginia, as well as throughout the Appalachian region, has both a mixture of 

naturally acidic soils and calcareous soils. Soils of the Eastern Allegheny Plateau and Mountains 

area were formed in acid sandstone, shale and siltstone. They are medium-textured and have 

low pH and fertility (Sencindiver, 2010). Soils are often shallow, shaley, droughty, and not highly 

productive with moderate to severe erosion potential (Connolly et al., 2007). Forest soils in the 

Appalachian region are moderately acidic that have a common pH range of 4.5-6.5 (Zipper et 

al., 2013; Simmons et al., 2008; Cotton., 2006). Forest soils in the Appalachian region also show 

a range of 28% to 53% OM in the O horizon layers (Garten Jr et al., 1999). 

The parent material of the Lower Williams Watershed in the MNF is from the Pottsville 

formation. The Pottsville formation is found within the Kanawha and New River geologic groups 

from the Pennsylvanian Period of the Paleozoic Era and is known to be naturally base-poor (Farr 

et al., 2009). This formation is composed of 60-70% sandstone and 25-30% shale, with smaller 

amounts of coal and limestone (Farr et al., 2009). Being base-poor, the Pottsville formation as 

parent material for soils results in extremely low base cation levels, low effective cation 

exchange capacity, high concentrations of Al and Fe (Johnson, 2002) with pH values ranging 

from 3.5 to 4.6 (Connolly et al., 2007). For example, in 2004, Farr et al. (2009) found soils in the 

Cherry River watershed to have Ca concentrations range from 0.1 to 0.8 cmol+/kg, Mg 

concentrations from 0.05 to 0.31 cmol+/kg, and Al concentrations from 2.8 to 7.2 cmol+/kg. 
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Farr et al. (2009) also found that the soils in the Cherry River watershed had soil pH from 3.7 to 

4.6, acidity from 3.3 to 9.4 cmol+/kg, ECEC from 3.6 to 10.7 cmol+/kg, and % C from 0.3 to 8.1%.   

2.4 Coal Combustion and Acid Deposition 

Coal is an important resource for industrial use and energy production, although its use 

particularly as an energy source for electrical power generation has declined during the past 

decade (USEIA, 2019). Since the 1900’s and especially after World War II, the demand and 

dependency for coal significantly increased in order to provide the industrial and energy 

demands throughout the United States. Coal burning power plants produced more than half of 

the electricity generated in the United States during the mid to end of the 20th Century (Yeager 

and Baruch, 1987; USEIA, 2019). The type of coal burned to meet these electrical-generation 

demands was bituminous coal (called steam coal) because of the high amount of energy 

released from its combustion. However, much of the coal burned had high sulfur contents. 

Unfortunately, the high sulfur contents in these coals when burned released emissions of sulfur 

oxides into the atmosphere (Yeager and Baruch, 1987). Other gases released from coal 

combustion include water (H2O), carbon dioxide (CO2), nitrous oxides (NOx), and particulate 

matter (PM). As these compounds were released into the atmosphere, the SOx and NOx 

combined with atmospheric moisture to form sulfuric and nitric acids and either attached to 

dust particles and fell to the ground or fell to the earth with precipitation (acid rain). Over the 

10-year period from 1985 to 1995, the pH of precipitation was about 4.4, and about 20 kg/ha of 

sulfate and 12 kg/ha of nitrate were deposited each year in the Allegheny Plateau Region of 

West Virginia due to acid precipitation (National Atmospheric Deposition Program, 2020). 

These values have been reduced substantially after enactment of the Clean Air Acts.  

2.5 Clean Air Acts 

During the 1960’s, environmental regulations and control began to develop. Each 

pollution type (air, water, solid waste) and discipline had its own pollution history and sources, 

pollutant types, unique constituency, and its own regulatory framework (Yeager and Baruch, 

1987). The relationships among the disciplines were viewed narrowly from a social or 

ecosystem health or nuisance perspective and regulatory interpretations were largely 
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uncoordinated state or local matters (Yeager and Baruch, 1987; Greenstone, 2004). During the 

1960’s, the federal government established the Environmental Protection Agency (EPA) and 

water and air pollution standards were established. Air emission limits were regulated with the 

Clean Air Act (CAA) in 1970 (Greenstone, 2004). The CAA gave the EPA enforcement authority 

for environmental pollution (Holst, 2020). The CAA was later expanded from its original 

guidelines to establish a national regulatory program, with specific air quality requirements, 

federal enforcement, and federally-issued permits; this required large industrial companies to 

address and control their contributions to air pollution (Holst, 2020). The National Ambient Air 

Quality Standards (NAAQS) were authorized by the CAA of 1970 and addressed six pollutants 

that threatened public health (USEPA, 2019). These pollutants were sulfur dioxide, nitrogen 

dioxide, particulate matter, carbon monoxide, ozone, and lead. States and industry in the US 

were required to meet the levels established by the NAAQS or else face substantial 

“nonattainment” fines and penalties (Holst, 2020). 

The CAA of 1970 was amended with stronger restrictions reducing many SOx and NOx 

emissions (Cavender et al., 1973). Many of these emissions were primarily from vehicular, 

industrial, and agriculture-related emissions. Anthropogenic emissions of sulfur dioxide in the 

eastern US were primarily released from coal-fired power plants, while anthropogenic emission 

of nitrogen oxides were largely attributed to motor vehicles and land-based sources (Civerolo et 

al., 2001). The CAA and its subsequent amendments helped reduce large amounts of SOx and 

NOx emissions from being released into the environment and the CAA Amendments of 1990 led 

to increased authority by EPA and included major reductions of SO2 emissions. From 1970 to 

1990, SO2 emissions declined from 0.0301 ppm to 0.0048 ppm (85%) (Greenstone, 2004). 

Between 1990 and 2017, the CAA of 1990 put in place emission limits that helped cut an 

additional 88% of SO2 emissions (USEPA, 2020; National Geographic, 2018). The CAA, with the 

requirements from the NAAQS, dropped the six listed pollutants by 63% in the US from 1980 to 

2015 (USEPA, 2020). The reductions in emissions from industries due to enforcement of the 

CAA have had a positive change in WV precipitation. Rainfall pH levels have increased over time 

from an average of 4.3 in 1985 to an average of 5.0 in 2015 (Table 1) (NADP, 2021a) (Figure 1, 

Figure 4) (NADP, 2021b). Average concentrations of nitrate and sulfate in precipitation have 
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also been reduced from averages of 1.3 (mg/L) and 2.2 (mg/L) in 1985 to 0.6 (mg/L) for nitrate 

and 0.5 (mg/L) for sulfate in 2015 (Table 1) (NADP, 2021a) (Figure 5, Figure 8, Figure 9, Figure 

12) (NADP, 2021b).  

Table 1. Average pH, nitrate, and sulfate concentrations in precipitation in WV. NADP NTN Site 
WV04 (NADP, 2021a.) 
 

Year pH Nitrate (mg/L) Sulfate (mg/L) Conductivity 

1985 4.3 1.3 2.2 24.8 

1995 4.5 1.2 1.4 17.5 

2005 4.5 1.1 1.8 19.4 

2015 5.0 0.6 0.5 6.5 

 

  



10 
 

         

         

Figure 1. Average pH in precipitation for 1985, 1995, 2005, and 2015. (NADP, 2021b). 
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Figure 2. Average nitrate in precipitation for 1985, 1995, 2005, and 2015. (NADP, 2021b).  
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Figure 3. Average sulfate in precipitation for 1985, 1995, 2005, and 2015. (NADP, 2021b). 
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2.6 Changes in Soil Acidity  

A number of studies have documented changes in soil acidity in Appalachian forest soils 

due to acid deposition. According to the long-term mass balance model for the Hubbard Brooke 

Experimental Forest, most of the depletion of soil Ca occurred during the 1970’s (Likens et al., 

1996; Bailey et al., 2003) coinciding with minimal or emerging air-quality emission regulations. 

In 1967, soils representing the dominant soil series and land uses (agriculture and forestry) 

from 14 sites (six forested, eight agricultural) in northeastern Pennsylvania were investigated by 

researchers at Pennsylvania State University (Bailey et al.,2005). In 1997, four of the forested 

sites were resampled from the 1967 survey using the same sampling techniques and analyzed 

using similar chemical techniques as in the 1967 study. At most sites, pH and exchangeable Ca 

and Mg concentrations were lower, while exchangeable Al concentrations were higher in the 

Oa/A horizons from the samples collected in 1997 compared to those sampled in 1967 (Bailey 

et al., 2005). The average pH of the Oa/A horizon dropped by 0.9 units over the 30-year period 

(Bailey et al., 2005). Exchangeable Ca and Mg were more than four and two times lower, 

respectively, and exchangeable Al was 1.8 times higher in 1997 than in 1967 (Bailey et al., 

2005). The combined loss in exchangeable Ca and Mg in the Oa/A horizon over the 30-year 

period was 4.1 cmolc/kg compared with a gain of 2.6 cmolc/kg of Al; this difference was 

associated with an increase of exchangeable H, which would be consistent with the observed 

drop in pH, or with a reduction in cation exchange capacity (CEC) (Bailey et al., 2005). In B 

horizons, exchangeable Ca and Mg were 10 times lower in 1997 than in 1967 (Bailey et al., 

2005).  

In 1993, 11 undisturbed forested sites were selected in Pennsylvania to measure 

whether forest soils had become more acidic (Drohan and Sharpe, 1997). Soil chemistry data 

were obtained from four previous studies conducted between 1957 and 1979 (Aguilar, 1981; 

Craul, 1964; Engle, 1964; and Steputis, 1963). Chemical analysis methods were evaluated to 

ensure that the methods used in 1993 were comparable to those of the original studies. The 

mean pH in both the O and A horizons was reduced at all nine sites from previously available 
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data, although slight increases in pH occurred in the A horizon at two sites in 1993 (Drohan and 

Sharpe, 1997). Ca concentrations in the O horizon were lower at all but one of the sites and six 

out of 11 sites had lower Ca concentrations in at least the uppermost part of the A horizon in 

1993. Mean pH was significantly reduced by 0.78 pH units in the O horizon and by 0.23 pH units 

in the A horizon of the sites sampled in 1993 compared to 1957-1961. Aluminum increased in 

the O horizon at two of the six measured sites and increased in the A horizon at four of the six 

sites. Overall, soils at the sampling sites had clearly become more acidic since the initial 

sampling, which varied from 8-15 years between studies, and this acidification was due to 

forest uptake of base cations and leaching related to acidic deposition (Drohan and Sharpe, 

1997).   

Between 1967 and 1999, Bailey et al. (2005) found forest soils in the Allegheny National 

Forest in northeastern Pennsylvania decreased in pH and exchangeable Ca and Mg and 

increased in exchangeable Al over those 30 years. Similarly, Markewitz et al. (1998) reported 

that the A horizons in the Calhoun Experimental Forest in South Carolina showed accelerated 

acidification due to acid deposition from 1962 to 1990. In England, Blake et al. (1999) 

determined from a 100-yr study that acid deposition was the major cause of soil acidification in 

the Geescroft Wilderness Area. Evidence of acidification included declines in surface soil pH of 

approximately 2.5 units since 1883 and lesser decreases in pH in subsurface layers. In the 

adjacent Broadbalk Wilderness that was heavily limed with CaCO3, no changes in pH were 

noted (Blake et al., 1999). Exchangeable Ca found in the surface layers dramatically decreased 

86%, from 14.1 cmol+/kg in 1881 to 2.1 cmol+/kg in 1991 (Blake et al., 1999). There was also a 

significant increase of Al in the Geescroft Wilderness as Al levels increased approximately 35 

times between 1904 and 1964 (4 mg/kg to 135 mg/kg) and by another three times from 1964 

to 1991 (135 mg/kg to 410 mg/kg) in the surface layers (Blake et al., 1999). Blake et al. (1999) 

also showed in the Geescroft Wilderness that the CEC of the surface layers decreased by 47% 

since 1881, while the subsurface layers decreased by only 27% by 1991. In South Korea, 

acidification of soils due to acid deposition reduced uptake of nutrients for Pinus thunbergii and 

that Mg deficiency and Al and Mn in soil solution limited tree growth (Yang et al. 2009). Other 
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studies from the US, Europe, and Asia have shown similar acidification trends in soils from acid 

deposition (Krug and Frink, 2010; Larssen et al., 2000; Menz and Seip, 2004)  

As pH declines and acidity increases in soils, metals such as Al and micronutrients such 

as Cu, Ni, and Zn will leach from the soils and into streams and water ways (Driscoll et al., 2003; 

Stevens et al., 2009). This will harm water quality not only for human use, but for wildlife 

(Schreiber and Newton, 1988), and most importantly for aquatic life (Driscoll et al., 2001). For 

example, Driscoll et al. (2001) found that an increase in Al concentrations in water resulted in 

reduced species richness and abundance of zooplankton, macroinvertebrates, and fish. 

Gallagher and Baker (1990) surveyed 1469 lakes in the Adirondack Mountains of New York and 

found that 346 lakes (24%) had no fish caught. These 346 lakes had significantly lower pH levels 

and lower Ca concentrations, as well as higher concentrations of Al, when compared to lakes 

where fish were caught. Driscoll et al. (2001) also found that the data recorded by Gallagher 

and Baker (1990) showed that lakes with lower pH levels also had lower fish species diversity 

and numbers. For example, seven lakes with water pH of 4.0-4.5 had a mean of 1 fish species 

caught, 92 lakes with pH of 4.51-5.0 had a mean less than 2 fish species, 118 lakes with pH of 

5.01-5.5 had a mean of 3 fish species, 110 lakes with a pH of 5.51-6.0 had a mean of 4 fish 

species, and 154 lakes with a pH of 6.1-6.5 had a mean of 5 fish species. These lower pH 

values, especially below 5.0, decreased fish species richness as the acid-sensitive species 

were eliminated (Driscoll et al., 2001). Of the 53 species of fish recorded in Gallagher and 

Baker’s study (Kretser et al., 1989), about half of the species were absent from lakes that had 

a pH less than 6.0, which included important recreational fish species such as Atlantic 

salmon (Salmo salar), tiger trout (Salmo trutta x Salvelinus fontinalis), redbreast sunfish 

(Lepomis auratus), bluegill (Lepomis macrochirus), tiger musky (Esox masquinongy x Esox 

Lucius), walleye (Sander vitreus), alewife (Alosa pseudoharengus), and kokanee salmon 

(Oncorhynchus nerka); as well as ecologically important minnows that are forage for sport 

fish. Fish species that were more commonly caught (brown bullhead (Ameiurus nebulosus), 

yellow perch (Perca flavescens), golden shiner (Notemigonus crysoleucas), brook trout 

(Salvelinus fontinalis), and white sucker (Catostomus commersonii)) showed the greatest 
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tolerance of the acidic conditions as their occurrence was in lakes that had relatively low pH 

and high Al concentrations (Gallagher and Baker, 1990).  

The Ca/Al molar ratio of forest soils can be used to indicate declines in tree growth in 

acid soils (Cronan and Grigal, 1995; Lyon and Sharpe, 1999). In a study of forest soils in the MNF 

(near to the sites sampled in this liming study), Farr et al. (2009) found that 50 to 75% of soils 

sampled in the forest had a low Ca/Al ratio which translated into a high degree of risk for forest 

regeneration and tree growth after conventional tree harvesting. They proposed that mitigation 

techniques such as liming be used to improve the Ca/Al ratio in the soil before timber 

harvesting, or to exclude from timber harvesting those areas with the lowest Ca/Al ratios and 

therefore highest risk for forest regeneration.  

 

2.7 Mitigation of Soil Acidity in Forest Systems 

Forest ecosystems affected by acid deposition have been slow to recover even with the 

decrease in acid deposition rates during the past 20 years (Nierzwicki-Bauer et al., 2010; 

Lawrence et al., 2012), and some of these affected areas will never recover unless further 

measures are taken to combat and mitigate acid deposition (Harald et al., 2005).  

Decades of acid deposition have acidified forest soils and freshwaters throughout the 

world and have stripped base cations from soils thereby limiting rates of forest growth. As 

gases responsible for acid deposition have declined from emission-polluting industries through 

enforcement of the CAA, inputs of sulfuric and nitric acid to soils have been slowed. Recent 

studies have shown a slight but measurable recovery of soils resulting from lower emissions. 

For example, Lawrence et al. (2015) resampled 27 forest soil sites in eastern Canada and 

northeastern USA with reductions in acid deposition and found small increases in pH in O 

horizons and decreases in exchangeable Al (see also Lawrence et al., 2012 and Berger et al., 

2016). But not all forest soils in the northeast have shown improvements (Connolly et al., 2007; 

Farr et al., 2009). 
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To mitigate acid deposition and acidity of soils, liming is the recommended treatment 

(Moore et al., 2014; Huettl and Zoettl, 1993). Liming to reduce forest soil acidification has the 

potential to increase forest health and vitality. Liming forested and aquatic systems is a fairly 

new practice starting in the mid-1980s (Westling and Hultberg, 1990), although liming 

agricultural soils has been practiced for centuries (Adams, 1984). Forest liming is being used on 

a commercial scale in central Europe to treat forests that are suffering from nutrient 

imbalances and soil acidification, and extensive forest liming programs are underway in 

southern Sweden (Derome et al., 2000), the Czech Republic (Formanek and Vranova, 2003) and 

Germany (Jansone et al., 2020).   

Liming forest soils has become an interest with the finding that Ca concentrations in 

mineral soils are associated with forest soil fertility and tree growth. Calcium application was 

included as one of the treatments in a long-term fertilization experiment by the Finnish Forest 

Research Institute at the beginning of the 1960’s (Derome et al., 2000). Even a small amount of 

finely ground limestone applied at 2 Mg/ha (0.9 tons/ac) had a long-term, decreasing effect on 

soil acidity. Twenty years after liming, the pH of the organic and uppermost mineral layer on 

the limed plots was around 0.5 pH units higher than the control plots (Derome et al., 2000). 

Liming increased base saturation for both the organic and mineral soil layers and after 20 years 

these layers were still almost double that of control plots. The increased concentration of Ca2+ 

and Mg2+ ions in the soil resulted in the displacement of H+ and Al3+ ions from cation exchange 

sites. Exchangeable Al in both the organic and mineral soil layers was significantly decreased 

but liming also increased nitrogen mineralization as a result of the increase in pH which 

resulted in a risk of nitrate leaching (Derome et al., 2000). Similarly, Pabian et al. (2012a, b) 

found liming to increase Ca and Mg concentrations with concurrent reductions in Al and Mn 

concentrations, which continued five years after liming, and these were reflected in plant tissue 

concentrations growing on the site. Schaff and Huettl (2006) reviewed a number of liming 

studies in Europe and concluded that liming effects can be quite variable based on lime form 

and particle size, liming frequency and rates, soil types and nutrient status, site history and 

management. They encouraged the use of element budgets as tools to determine forest liming 

and fertilization effects over time. 
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Though there are limited long-term studies in the US, those studies have shown that 

liming has increased pH, increased base cations (Ca, Mg), decreased exchangeable acidity in the 

upper soil horizons, and decreased the concentrations of potentially toxic elements such as Al 

and Mn. For example, Long et al. (2015) in northern Pennsylvania applied pulverized dolomitic 

limestone (21% Ca and 12% Mg) to plots at a rate of 22 Mg/ha (10 tons/ac). They found 

increases in exchangeable Ca and Mg and pH in forest soils 21 years post-treatment. 

Exchangeable Mn and Al concentrations were significantly reduced. These changes in soils were 

also reflected in foliage nutrient concentrations in sugar maple (Acer saccharum). Sugar maple 

leaves in unlimed areas had Ca concentrations of 19.1 mg/g while those in limed areas had 21.6 

mg/g (Burke and Raynal, 1998). Concentrations of Mg in sugar maple leaves in the unlimed 

areas were 2.5 mg/g vs 2.9 mg/g in limed areas. Similar results were found for K (4.9 vs 6.0 

mg/g), P (1.4 vs 2.0 mg/g), and N (22.2 vs 23.1 mg/g) (Burke and Raynal, 1998). Limed forest 

watersheds had reduced leaching of Al from soils into streams and stream water had increased 

acid buffering capacity (Moore et al., 2014). Moore et al. (2014) noted that forb ground cover 

increased three years after liming and that the forest floor of a mixed hardwood forest doubled 

the carbon reservoir 19 years post liming treatment.  

Liming rates and the type of liming material are importance factors when liming acid 

soils and the eventual effect on the ecosystem. High liming rates (10-50 Mg/ha or 4.5-22 

tons/ac) were noticed to have decreased N, P, and K in soils. This may be due to higher liming 

rates increasing the pH and reducing Fe and Al so that microbial populations flourished and 

plant uptake of these important macronutrients increased. However, low liming rates (0.5-5 

Mg/ha or 0.2 to 2 tons/ac) did not lead to a decrease of these element concentrations in the 

soil nor foliage (Moore et al., 2014) probably due to the reduced stimulation of microbial 

activity and plant growth. Having a liming rate of 6.7 to 11.2 Mg/ha (3 to 5 tons/ac) may be 

sufficient for restoring nutritional status of acid soils depending on the initial nutrient status 

before liming (Moore et al., 2014) without causing a reduction in N, P, and K.  

A review of the effectiveness of liming on fish populations in acidified streams showed 

increased fish abundance and increases in macroinvertebrates (Hindar et al., 1995; Hudy et al., 
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2000; Mant et al., 2013). Newton et al. (1996) found increases in lake acid-neutralizing capacity 

primarily due to increases in Ca concentrations in limed watersheds in the Adirondacks.  

One of the negative effects of liming acid forest soils is the export of H+ and Al3+ from 

soils into nearby streams. Liming rates of 5 to 7 Mg/ha of CaCO3 (2 to 3 tons/ac) were found to 

increase the levels of dissolved organic carbon and dissolved organic nitrogen in soils due to the 

enhanced microbial activity with higher pH (Andersson et al., 1999; Driscoll et al., 1996; Moore 

et al., 2014). Rosi-Marshall et al. (2016) explained that limed forested watersheds can become 

net exporters of nitrogen because of microbial stimulation and nitrogen mineralization thereby 

causing unforeseen consequences in downstream lakes and rivers.  

2.8 The Monongahela National Forest 

The Monongahela National Forest (MNF) lies at the confluence of the mixed mesophytic 

and oak-chestnut forest regions, with remnants of northern hardwoods at high elevations 

(USDA Forest Service, 2011). With the loss of the American chestnut (Castanea dentata) and 

removal of virgin timber at the turn of the 19th and 20th centuries, the MNF has been 

dominated by white oak (Quercus alba), Northern red oak (Quercus rubra), chestnut oak 

(Quercus prinus), tulip-poplar (Liriodendron tulipi fera), black oak (Quercus velutina), hickories 

(Carya spp.), blackgum (Nyssa sylvatia), and black locust (Robinia pseudoacacia) (Thomas-Van 

Gundy and Strager, 2011). The species composition above 1000 m is dominated by red spruce 

(Picea rubens), sugar maple, American beech (Fagus grandifolia), American basswood (Tilia 

americana), and yellow birch (Betula alleghaniensis). The historical average annual productivity 

of these second- and third-growth forests was around 2 m3/ha on poor sites, and over 7 m3/ha 

on excellent sites (Elias et al., 2009). Periodic mean annual volume increment (PMAVI) ranged 

from 1.8 to 2.4 m3/ha/yr on poor and fair sites, 3.0 to 3.6 m3/ha/yr on average to good sites, 

and over 4.3 m3/ha/yr on rich sites (Schnur, 1937). Stand disturbances, such as management 

practices, can influence and increase average annual growth rates; an example is that the 

growth rates five years after thinning of 65-year-old hardwood plots in West Virginia were 

greater than 5 m3/ha/yr and can be used as a baseline to compare current measurements 

(Smith et al., 1994).  
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The MNF is downwind from sulfate and nitrate pollutant sources. In 2007, 

measurements from various weather stations across the forest averaged wet SO4
2- deposition 

around 8 kg/ha, wet NO3 deposition around 3 kg/ha, and precipitation pH around 4.4 (National 

Atmospheric Deposition Program, 2020). Evidence for forest decline in the MNF is due, in part, 

to acid deposition, and has been reported for some species in some areas. Red spruce, sugar 

maple, and northern red oak suffer from both direct effects of acid deposition, such as nutrient 

leaching from needles, and from indirect effects such as decreased pH and elevated Al levels in 

soils (Bailey et al., 2005; Demchik and Sharpe, 2000; Godbold and Huttermann, 1988; Johnson 

and Siccama, 1983).  

2.9 Timber Harvesting 

Harvesting practices can also remove Ca sources, ranging from 200 kg/ha in a clear-cut 

to almost 1000 kg/ha in a multi-entry selective harvesting (Adams et al., 2000). A short-term 

effect of harvesting is the acidification of soil, which is caused from increased N cycling rates 

and increased nitrification and can lead to the release of Al (Adams et al., 2000). The loss of 

organic matter from harvesting could influence soil moisture retention and cause a lowering of 

cation exchange capacity (Arthur et al., 2017; Hartman et al., 2012; Jurgensen et al., 1997; Blair 

and Crossley Jr, 1988; Johnson et al., 1985). Short-term (1- to 5-yr) losses of organic matter 

after clear-cut have ranged from 2 Mg/ha to over 150 Mg/ha; this range of loss, especially the 

higher losses of organic matter, would depend on site preparation and if prescribed burns took 

place after harvest (Arthur et al., 2015; Jurgensen et al., 1997). Forests that are more 

susceptible to nutrient depletion from harvest are those that have a large proportion of 

hickory, oak, yellow-poplar, and basswood as these trees store large amounts of Ca in their 

trunks (bole wood) (Adams et al., 2000). Harvesting also causes soil compaction from the use of 

heavy machinery, and compaction reduces water infiltration, which in turn increases surface 

runoff and nutrient leaching (Hartman et al., 2012). 

The species composition of the MNF from Forest Inventory and Analysis (FIA) plots in 

1989 had 27% oaks, 12% birches, 11% red maple, with 15% other hardwoods (Widmann and 

Griffith, 2000). In 2000, red maple increased by 3.3% and oaks, sugar maple, hickories, 
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American beech, and other conifers decreased. In 2000, the highest amount of dead individual 

trees across all species were birch (20%), other hardwoods (17%), and tulip-poplar (14%). The 

percent of dead Northern red oak was found to be highest on sites with surface Al 

concentrations above 43 cmol+/kg, low pH, and low Ca/Al soil ratios (Elias et al., 2009). Some of 

the tree stand changes could be due to pathogens or diseases such as beech bark disease and 

acid deposition may have contributed to site susceptibility to insect damage (Elias et al., 2009). 

Site index was positively correlated with Ca/Al molar ratio suggesting that site quality may be 

influenced by Ca depletion or Al toxicity (Elias et al., 2009). Species composition changes in the 

MNF may also be due to large fire suppression efforts that have been practiced in US forests 

since the 1940’s (Iverson and Hutchinson, 2002).  

The Monongahela National Forest in West Virginia is showing effects of acid soil 

conditions including stream acidification, missing understory species commonly associated with 

Appalachian hardwood ecosystems, and indicators of decline in forest growth. Soil scientists on 

the MNF have conducted analyses of the impacts, costs, and opportunities for liming in some 

sections of the forest where clear-cutting has been done in the past and is proposed in the near 

future (Connolly et al., 2007; Elias et al., 2009; Webb et al., 1997). 

3. Experimental Design and Methods 

3.1 Study Site and Soil Sampling Design 

Soil scientists of the U.S. Forest Service (USFS) selected the Lower Williams Watershed 

for this study because this watershed, along with the Cherry River Watershed, has some of the 

highest rates of acid deposition in Appalachia (Figure 1; Farr et al., 2009). The effects of acid 

deposition over many decades changed the soil chemistry in much of the area, resulting in soil 

that has a much lower acid-buffering capacity than what likely existed historically before the 

industrial era (Adams et al., 2000). Soil sampling by the USFS and West Virginia University 

scientists showed evidence that there is a concern with base cation status and soil quality 

within the Lower Williams Watershed for soils derived from the Pottsville geology (Connolly et 

al., 2007; Farr et al., 2009).  
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Figure 4. The Lower Williams Terrestrial Liming Project area is located in the Monongahela 
National Forest, and the project area is located north of Richwood, WV. 

 

In 2007, USFS scientists established areas to be limed amounting to about 284 ha (700 

acres) in the watershed (Figure 2). Sampling of the soils on these areas was accomplished by 

USFS soil scientists in 2007 and 2009 (Figure 2) in anticipation of some future time when liming 

would be approved. Almost a decade later, after numerous proposals, environmental impact 

assessments and endangered species studies were performed, approval and funding was 

provided for the liming project by the USFS. The steep slopes, narrow hollows, and poor road 

network were problematic to apply lime to the surface by conventional surface application 

equipment. Therefore, helicopter liming was chosen because of the steep terrain features in 

the MNF. Liming has been used in Germany to counter forest soil acidification since the mid 

1980’s (Huettl and Zoettl, 1993) and in North America for watershed experiments (Driscoll et 

al., 1996; Battles et al., 2014; Johnson et al., 1997; Theenhaus and Schaefer, 1995) and for lake 
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and stream remediation (Hudy et al., 2000; DEC, 2014). Application by helicopter has proven to 

be fairly successful (Driscoll et al., 1996; Battles et al., 2014; Hudy et al., 2000), though 

wind/weather must be considered before lime application.  

 

 

Figure 5. Areas that were limed during this project are shown in the cross-hatched areas and 
locations of sites and pits for both 2009 and 2019 sampling dates are shown. 

 

3.2 Liming Application in 2018 

The liming application via helicopter was performed in January and February 2018. The 

liming rate for the project area was proposed to be 6.7 to 11.2 Mg/ha (3 to 5 tons/ac) and the 

lime material was composed of sand-sized and small gravel-sized lime. The lime material was 

obtained from Appalachian Aggregates with a reported CaCO3 content of 87.3%, a MgCO3 

content of 3.3%, and a calcium carbonate equivalence (CCE) of 90%. The particle size of the 

material was 100% passing a 10-mesh sieve, 90% passing a 20-mesh sieve, 50% passing a 60-
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mesh sieve, and 35% passing a 100-mesh sieve. Therefore, more than 50% of the material was 

small sand-sized material. The lime particle size allowed it to fall from the helicopter hopper 

onto the land surface with less scattering due to wind drafts from natural sources and the 

helicopter blades. It was deemed that silt-sized and smaller lime particles, such as those used in 

agricultural liming practices, were too fine and would be dispersed by wind with lesser amounts 

falling on the designated areas. During the lime application, scientists with the USFS used a 

collection pan to determine the liming rate applied by the helicopter; their results 

demonstrated that the lime applied was within the desired liming rate of 6.7 to 11.2 Mg/ha (3 

to 5 tons/acre). 

3.3 Soil Sample Data Collection 

Soil sampling sites for 2019 were pre-selected by USFS and WVU scientists from those 

established by the USFS in 2007 and 2009 (simplified to 2009, Figure 2). After liming in February 

2018, soil sampling and analysis were projected to be accomplished in years one, three, and 

five following liming application. A total of ten (10) sampling sites were selected based on the 

original sampling in 2009 and GIS coordinates were provided by the USFS (Figures 3-6) so that 

the sites could be found and resampled. The accuracy of the handheld Garmin GPS was within 3 

m (10 ft) of the given coordinates. Before soil sampling, the % slope (using a Suunto clinometer) 

and aspect (in degrees using a multifunction compass) were recorded, as well as the date, time, 

and current weather conditions. Sampling locations were paired so that each pair of sites had 

an unlimed and a limed area. The pairs were E-509 and 509, 37 and 37-3, 31 and 37-2, 1 and 3, 

and 18 and 16 (Figure 2). This allowed for similar soils at each pair of sites. These pairs were 

within 300 m of each other and on a similar landscape position (Table 1). 

As shown in the following maps (Figures 3-6), the pit locations were extremely close to 

where the original sampling locations were in 2009, except for sites 37, 37-2, and 31. Site 31 

was moved North of the original location due to disturbance from heavy machinery used for 

logging (Figure 4). The new site was within 30 m of the original site and along the contour. Site 

37 was moved to the east (left, Figure 5) because after the original sampling date a road was 

made for the heavy machinery used for timbering which traversed the original pit locations. 
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After finding our location, we were unable to sample using cardinal directions because of the 

road. The only option was to sample along the contour with the sampling pits being 15m (50ft) 

apart. Site 37-2 was moved to a nearby location because two fallen trees and other deadfall 

covered the original location (Figure 5).  

 

 

Figure 6. Map showing sampling locations from 2009 (red) and from 2019 (white) for sites 1, 3, 
and 16 on the northern extremity of the project area (see Figure 5 for relative location of these 
sites within the project area). 
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Figure 7. Map showing sampling locations from 2009 (red) and from 2019 (white) for sites E-
509, 509, and 31. 

 

 

Figure 8. Map showing sampling locations from 2009 (red) and from 2019 (white) for sites 37, 
37-2, and 37-3. 
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Figure 9. Map showing sampling locations from 2009 (red) and from 2019 (white) for site 18. 

 

Table 2. Soil samples were extracted from O, A, and upper B Horizons at 10 site locations (see 
Figure 5 for site numbers) with and without liming treatment. Aspect and slope % are also 
provided for each site. 

Site Number Limed or Unlimed Aspect Slope % 

E-509 Unlimed W 15 

37 Unlimed NW 16 

31 Unlimed W 6 

1 Unlimed W 15 

18 Unlimed N 28 

509 Limed W 14 

37-3 Limed N 15 

37-2 Limed NW 3 

3 Limed SE 30 

16 Limed NW 20 
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Based on demonstrations and conversations with USFS scientists, soil sampling and 

collection were performed using the same techniques as were done previously in 2009. At each 

site, five small holes were dug (pits were from 30 to 50 cm in total depth (12 to 20 inches) 

based on the depth of the B horizon): the first at the GPS coordinate, and the other four at 

distances of 15 m (50 ft) from the center in four cardinal directions (North, South, East, and 

West) or along the contour of the slope if topography did not allow use of cardinal directions. In 

each pit, soil samples were collected from the O, A, and upper B horizons. The faces of the 

sampling pits were always facing upslope and the pits were dug 20 cm below the boundary of 

the A and B horizon. Knives were used to mark the horizon boundaries and a tape was placed to 

determine the depths of horizons. Pictures were taken of each profile (see appendix). Color was 

the primary determining factor for separating horizons, but changes in soil texture, bulk 

density, and root density were also used.  

Soil sampling began in the bottom of each hole with the upper B horizon and progressed 

upwards to the A and O horizons. The amount of soil collected was around two liters and care 

was taken to stay several cm from horizon boundaries. Before sampling the next horizon, the 

knife, handheld shovel, and dustpan were wiped clean. Soil samples were labelled with the site 

number, the cardinal direction, date, horizon, and depth. Table 1 shows the sites sampled and 

their treatment designations and site conditions. A total of 15 soil samples were collected at 

each of the 10 sites (10 sites x five pits x three horizons) for a total of 150 soil samples for the 

project. 

Upon completion of sampling, the soil samples were transported to the WVU 

Greenhouse and the soils were air-dried for two weeks. Soil samples were processed by drying, 

removing large rocks, sieving through a 2mm sieve (corresponding to soil-sized particles 2mm 

or less), bagging and labelling. Approximately one liter of soil from each sample was sent to the 

University of Maine soil testing laboratory for analysis of pH, effective cation exchange capacity 

(ECEC), % OM (LOI), % total carbon, % total nitrogen, P, K, Ca, Mg, Na, Al, Fe, Mn, and Zn. In 

addition to the soil samples collected in 2019, soils collected during the 2009 sampling were 

also sent to the University of Maine soil testing laboratory for analysis. The soil analysis data 
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obtained from the 2009 sampling was compared to the data collected in 2019, and comparisons 

were made between the years of sampling and among sites. 

3.4 Soil Analysis at University of Maine 

Soil testing procedures at the University of Maine Soil Testing Lab are listed below. The 

soil testing package selected was their “Forest Soil Package.” Soil pH was measured in 1:1 ratio 

of soil:water. Organic matter was measured by loss on ignition (LOI) at 550° C. Total nitrogen 

and carbon were measured by combustion analysis at 1350° C. Exchangeable acidity was 

extracted with 1M potassium chloride (KCl) and titrated. Exchangeable cations were extracted 

in 1M ammonium chloride (NH4Cl) and measured by ICP-OES. Effective cation exchange 

capacity (ECEC) was calculated by summing the milliequivalent concentrations of Ca, K, Mg, Na, 

and acidity. The 15 parameters for which we obtained data were pH, acidity, ECEC, %OM, %TC, 

%TN, P, K, Ca Mg, Na, Al, Fe, Mn, and Zn.  

Statistical Analysis 

The statistical analyses followed the pattern outlined in Figure 7 (the descriptions in 

Figure 7 were written by the WVU Experiment Station statistician, Dr. Ida Holaskova). The 

analysis attempted to evaluate differences in soil properties between paired sites within 2009 

(analysis 1), the same sites across years (analysis 3 and 4), and the effect of liming with paired 

sites in 2019 (analysis 2). Each of the five main locations (A, B, C, D, E) had two paired sites 

within it, one not limed (UL) and one limed (L) as indicated in Figure 2 and Table 1. The unusual 

feature of this analysis was that none of the sites in 2009 were limed (un)L, thus this was not a 

regular factorial design. To minimize statistical confounding of the effect of year and liming, this 

alternative analytical approach was selected. Data were analyzed using JMP and SAS software 

(JMP®, Version Pro 14.0, SAS Institute Inc., Cary, NC, Copyright ©2015; SAS®, Version 9.4, SAS 

Institute Inc., Cary, NC, Copyright ©2002-2012) and the term “slice” as used in Figure 7 allowed 

for comparisons between each pair of sites.  
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Figure 10. Data for each parameter were separated and analyzed based on horizon (O, A, B), 
year of sampling (2009 vs 2019), liming treatment (UL vs L), and interactions. Interactions 
included sites within liming treatment within years (designated by 1 (purple) and 2 (red)), sites 
within liming treatment across years (designated by 3 (green) and 4 (blue)).   

 

All continuous response variables (soil elements tested at the University Maine and 

other soil characteristics) were examined for normal distribution using the Shapiro-Wilk W test 

(Shapiro, and Wilk, 1965). Natural log transformation was used for eight of the tested 

parameters with right skewness (Ca, Mg, P, Mn, Zn, Fe, %OM, and %TN), and fourth power 

transformation was used for soil pH. The overall means and standard errors are reported in 

tables in untransformed format for clarity, but significant differences are based on the 

statistical analysis of the transformed data. 

The soil data were analyzed in two steps. The first set of analyses tested main effects of 

liming (UL and L) and site (A, B, C, D, E) and their interaction within each sampling year (analysis 

1 and 2 in Figure 7). The liming, sites, and years were considered as fixed effects. We 

hypothesized that the soils at paired sites sampled in 2009 would have similar values for all 

parameters since they were close to each other and there had been no soil treatment. The data 
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from 2019 between the Limed and Unlimed sites was hypothesized to be different. In addition 

to ANOVA, comparisons were done between paired sites and among the sites within each 

liming treatment and year using Tukey-Kramer with adjustment to multiple comparisons 

(Dubitzky et al., 2013).  

  The second set of analyses included repeated measures (RM) ANOVA within each liming 

treatment to estimate the effect of year and its interaction with sites. The sites were 

considered as fixed effects, and year as a repeated measure to test the effect of the 10-yr 

interval on soil parameters. The PROC MIXED procedure of SAS was utilized. The effect of time 

(2009 vs 2019, the 10-yr interval) on soil changes was assessed by comparing the Unlimed plots 

in 2009 vs 2019. The most direct comparison of the effect of liming on the soil parameters was 

RM ANOVA on data comparing 2009 To Be Limed vs 2019 Limed. The pairwise comparisons 

were done between the paired sites and among the sites within each liming treatment and year 

using Tukey-Kramer with adjustment to multiple comparisons. All the analyses were done for 

each horizon separately (O, A, and B) and for lime treatment (UL or L). Statistical differences 

were considered significant at the p<0.05 level.    

  Graphs were developed from the data in tables for better illustration of differences 

among sites and years using violin plots. The graphing software used was run in R Studio 

(RStudio Team, 2020), the code in R Studio was written by Matthew Walker, using installed 

packages of tidyverse (Wickham et al., 2019), ggplot2 (Wickham, 2016), plyr (Wickham, 2011), 

dplyr (Wickham et al., 2020), ggpubr (Kassambara, 2020), and cowplot (Wilke, 2020). 

In all statistical analyses, significance criterion alpha for all tests was 0.05. Due to 

multiple ANOVA analyses, Benjamini-Hochberg procedure was applied to control the family-

wise error rate, using False Discovery Rate (FDR) of 0.1. 

4. Results 

The averages of the parameters among sites for each horizon within a treatment were 

found to be very similar. Appendix 1 provides those averages for each site and compares the 

sites within each treatment. Few significant and practical differences were found among sites 
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within treatments for all 15 parameters. Therefore, these sites were suitable replications in this 

study. From now on, in the text only averages for each treatment (including five sites for each) 

will be shown. As mentioned, all average values from each site can be found in Appendix 1. 

4.1 pH 
 The pH levels of organic material in acid forest soils in Appalachia range from 3.5 to 4.6 

(Connolly et al., 2007; Farr et al., 2009). The A and B horizons show slightly higher pH values 

from 4.0 to 5.0. In our study, O horizons in 2009 ranged from 3.9 to 4.9 across all sites and 

averaged 4.3 and 4.2, respectively, for the Unlimed and the To Be Limed sites (Appendix 1-

Table 21 and Table 3). As mentioned above, values were very consistent within the five pits on 

each site so that even small differences in average soil pH values between treatments in 2009 

were significant (Table 3, superscript #). Soil pH of the O horizon on Unlimed sites in 2009 had 

an average of 4.3, which was significantly lower than those same sites in 2019 with an average 

of 4.6 (Table 3, superscript U). As expected, the To Be Limed sites in 2009 were significantly 

lower in pH (4.2) than the same sites 10 years later and after liming (5.6; Table 3, superscript L).  

In 2019, significant soil pH differences were expected for the Unlimed sites with an 

average of 4.6 compared to the Limed sites with an average pH of 5.9 (Table 3, superscript #). 

For the O horizon, it was expected that liming would raise pH, but it should be noted that the 

higher pH was largely due to the presence of unreacted lime particles during sample collection 

rather than the actual dissolution of lime and incorporation of lime into the organic matter. The 

large particle size of the lime that was applied would not be expected to have dissolved and be 

incorporated into organic matter or to have entered the soil in the one-year time frame. Hence, 

the higher pH was undoubtedly due to lime particles mixed with the organic matter and that 

undissolved lime in our samples caused the rise in pH when the laboratory pH test was 

performed.    

 For the A horizon, similar results were found except that the average pH values were 0.3 

to 0.5 pH units lower than for O horizons (Table 3). In 2009, average values were significantly 

different between the Unlimed and To Be Limed sites (3.9 vs. 3.7 #). The Unlimed sites in 2009 

were significantly lower the Unlimed sites in 2019 (3.9 vs 4.3 U). However, the A horizons at 
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Limed sites in 2019 averaged 4.6 (considerably lower than the 5.9 in the O horizon) and yet 

were significantly higher than the To Be Limed sites in 2009 (3.7 vs 4.6 L) and the Unlimed sites 

in 2019 (4.3 vs 4.6 L). 

Differences in soil pH in B horizons were much smaller in 2009 having pH values in the 

Unlimed and To Be Limed sites (4.5 vs 4.3 #). The pH values in 2019 were about 0.3 pH units 

higher than those in 2009, and the Unlimed and Limed sites were not significantly different with 

averages of 4.8 and 4.7, respectively. Average soil pH was generally lowest in A horizons and 

highest in B horizons (Table 3).  

 
Table 3. Average soil pH values in O, A, and B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes for explanations of statistical comparison among sites, within and across 
years, and with liming treatment.  
 

Average pH 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 4.3 ± 0.06 4.2 ± 0.06 # 4.6 ± 0.08 U 5.9 ± 0.08 # L  

A 3.9 ± 0.03  3.7 ± 0.03 #  4.3 ±0.06 U 4.6 ± 0.06  L  

B 4.5 ± 0.05  4.3 ± 0.05 #  4.8 ± 0.03 U 4.7 ± 0.03 L  
 
# Indicates significant main effect of treatment (average of Unlimed vs Limed sites) within year. 
U Indicates significant main effect of year (average of 2009 vs 2019 sites) within Unlimed treatment. 
L Indicates significant main effect of year (average of 2009 vs 2019 sites) within To be Limed vs Limed. 

 
 To graphically illustrate the data in Table 3, violin plots were constructed. These plots 

show each pH value for each horizon from each year and treatment (n=25). For example, the 

first plot for the O horizon in Figure 11, gives the pH values for all 25 soil samples taken from 

the 2009 Unlimed sites (five sites x five pits x one horizon). The first blue violin plot (pH of the 

2009, O horizon, UL) shows a rather flat form and the height of the form is based on the range 

of values from highest to lowest. The width of the forms illustrates the number of data points at 

that pH level. Inside each form is a box that shows data quartiles and the median (see 

description in Figure 11). As revealed in the Tables (3 and Appendix 1) and more easily seen in 

Figure 11, the 2009 UL, 2009 To Be Limed and the 2019 Unlimed soils in the O horizon were 

relatively similar in shape: flat and wide. The pH values for 2019 Limed O horizon soils were 
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clearly higher with a wider range (taller form) of values. Soil pH in the A and B horizons were 

more similar but appeared to be slightly higher in 2019 compared to 2009. 

 

Figure 11. Violin plot of pH from both treatments in 2009 and 2019 showing the pH level 
differences between years, treatments, and soil horizons as indicated in Table 3. The top and 
bottom of the violin plot indicate the lowest and highest values (range of values). The width of 
the violin plot indicates the frequency of values in that area of the plot. The box within shows 
the first and third quartile and the line gives the median. Violin plots provide a visual 
representation of each parameter and show how the sites compared between treatments 
within years and between 2009 to 2019 for the O, A and B horizons.  
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4.2 Acidity 
The acidity levels of organic material in acid forest soils in Appalachia range from 6.2 to 

9.4 cmol+/kg (Farr et al., 2009). The A and B horizons show slightly lower acidity values from 3.7 

to 9.4 cmol+/kg. In our study, O horizons in 2009 averaged 7.0 cmol+/kg for both the Unlimed 

and To Be Limed sites (Table 4). For the Unlimed treatments, acidity levels were significantly 

greater in 2019 vs 2009 (7 vs 11 cmol+/kg U) (Table 4). The To Be Limed sites in 2009 and the 

Unlimed sites in 2019 were both significantly higher in acidity than the 2019 Limed sites 

(superscripts # L) (Table 4). 

Acidity values in A horizons mirrored the trends in the O horizon; sites in 2009 did not 

vary in average values, and the Unlimed sites in 2019 were almost double the average acidity 

values in Limed sites. Acidity values in B horizons showed only slight differences with averages 

ranging from 6 to 8 cmol+/kg. Average soil acidity was generally lowest in the B horizons and 

highest in the A horizons (Table 4). 

Table 4. Average acidity values (cmol+/kg) in O, A, and B horizons for sites sampled in the 
Terrestrial Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average Acidity 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 7 ± 0.5 7 ± 0.5 11 ± 1.0 U 3 ± 1.0 # L 

A 8 ± 1.0 9 ± 1.0 11 ± 0.5 U 6 ± 0.5 # L 

B 6 ± 0.4 7 ± 0.4 7 ± 0.4 U 8 ± 0.4 

 

The violin plots of acidity show that acidity appears to be slightly higher in Unlimed sites 

in 2019 compared to the sites in 2009 in the O horizon, and that the 2019 Limed sites were 

lower than the others. In A horizons, the 2019 Limed sites appear to be lower than the others, 

and there appears to be little difference in acidity in B horizons.  

  

Figure 12. Violin plot of Acidity from both treatments in 2009 and 2019 showing the acidity 
(cmol +/kg) differences between years, treatments, and soil horizons as indicated in Table 4 (see 
description of violin plots in Figure 11).  
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4.3 ECEC 
The ECEC levels of organic material in acid forest soils in Appalachia range from 7.2 to 

10.7 cmol+/kg (Farr et al., 2009). The A and B horizons showed much lower but also similar ECEC 

values from 4.0 to 10.7 cmol+/kg. In our study, O horizons in 2009 averaged 19.0 and 20.0 

cmol+/kg for the Unlimed and the To Be Limed sites (Table 5). For the Unlimed treatments in 

2009 vs 2019, ECEC levels were significantly lower in 2009 vs 2019 (19 vs 22 U). The To Be Limed 

sites in 2009 and the Unlimed sites in 2019 were both significantly lower in ECEC than the 2019 

Limed sites (20 and 22 vs 33 cmol+/kg # L). ECEC values in A horizons had identical average 

values in 2009 (10) and the Unlimed sites in 2019 being significantly higher than the Limed sites 

in 2019 (12 vs 10 #). ECEC values in B horizons showed minor differences with average totals 

ranging from 6 to 8 cmol+/kg (Table 5). Average ECEC was generally lowest in the B horizons 

and highest in the O horizons (Table 5). 
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Table 5. Average ECEC values (cmol+/kg) in O, A, and B horizons for sites sampled in the 
Terrestrial Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average ECEC 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 19 ± 1.0   20 ± 1.0  22 ± 2.0 U 33 ± 2.0 # L 

A 10 ± 1.0 10 ± 1.0 12 ± 1.0 U 10 ± 1.0 # 

B 6 ± 0.4 7 ± 0.4 8 ± 0.4 U 8 ± 0.4 

 
Forms for the values of ECEC were very flat and wide, meaning that they were very 

consistent in 2009 and in the 2019 Unlimed sites compared to the plot form for 2019 Limed 

sites in O horizons (Figure 13). Forms for the data showed more variation in the A and B 

horizons and they overlapped with each other. 

 

Figure 13. Violin plot of ECEC from both treatments in 2009 and 2019 showing the ECEC 
(cmol+/kg) differences between the years, treatments, and soil horizons as indicated in Table 5 
(see description in Figure 11).  
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4.4 % OM 
The % OM in O horizons of Appalachian forest soils range from 28 to 53% (Bailey et al., 

2005; Garten Jr et al., 1999). The A horizons showed lower % OM values from 14 to 27%. In our 

study, O horizons in 2009 averaged 54 and 68% for the Unlimed and the To Be Limed sites 

(Table 6). In 2009, % OM levels varied significantly in O horizons within treatments (54 vs 68 #, 

Table 6). For the Unlimed treatments in 2009 vs 2019, % OM was significantly different (54 vs 

58 U). The To Be Limed sites in 2009 and the Unlimed sites in 2019 were both significantly 

higher in % OM than the 2019 Limed sites (68 and 58 vs 35 # L). The higher pH levels in the 

Limed 2019 sites may have increased microbial growth, thereby decreasing % OM. Organic 

matter values in A horizons were three times lower than those in the O horizon (Table 6). Sites 

in 2009 did not vary much in average values and were not significantly different, but the To Be 
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Limed sites in 2009 and the Unlimed sites in 2019 were significantly higher than the Limed sites 

in 2019. Values in B horizons showed almost no differences. As one would expect, average % 

OM was lowest in the B horizons and highest in the O horizons (Table 6). 

 

Table 6. Average % OM values (%) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average % OM 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 54 ± 3.0  68 ± 3.0 # 58 ± 3.0 U 35 ± 3.0 # L 

A 17 ± 2.0 18 ± 2.0 14 ± 1.0 U 11 ± 1.0 # L 

B 8 ± 0.8 9 ± 0.8 7 ± 0.5 U 7 ± 0.5 

 
The violin plots of this OM data show wide ranges in the O horizons (taller forms) with 

much flatter and consistent values in A and B horizons. There are a few high values particularly 

in the 2009 To Be Limed sites in A and B horizons.    

 
 

Figure 14. Violin plot of % OM from both treatments in 2009 and 2019 showing the OM 
differences between the years, treatments, and soil horizons as indicated in Table 6 (see 
description in Figure 11).  
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4.5 % TC 
The % TC levels of organic material in acid forest soils in Appalachia range from 25 to 

27% (Adams et al., 2006). The A and B horizons show lower % TC values from 2 to 7%. In our 

study, O horizons in 2009 averaged 28 and 36% TC for the Unlimed and the To Be Limed sites 

(28 vs 36 #, Table 7). For the Unlimed sites in 2009 vs 2019, % TC was found to be similar (28 vs 

31). The To Be Limed sites in 2009 and the Unlimed sites in 2019 were both significantly higher 

in % TC than the 2019 Limed sites (36 and 31 vs 20 # L); showing that the decrease of % TC levels 

in the Limed 2019 sites could be related with the decomposition and decrease of % OM shown 

in section 4.4. 
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Total Carbon values in A horizons in 2009 did not vary, but the To Be Limed sites in 2009 

and Unlimed sites in 2019 were significantly higher than the Limed sites in 2019 (Table 7). 

Values in B horizons showed almost no differences ranging from 2 to 4% There was a clear 

trend of higher to lower %TC from the O to B horizons. 

 

Table 7. Average % TC values (%) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average % TC 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 28 ± 2.0 36 ± 2.0 # 31 ± 1.0  20 ± 1.0 # L 

A 9 ± 1.0 10 ± 1.0 7 ± 0.4 U 6 ± 0.4 # L 

B 3 ± 0.4 4 ± 0.4 2 ± 0.2 U 3 ± 0.2 # 

 
 
 Violin plots of % TC (Figure 15) showed similar forms as those of % OM in Figure 14. 

Taller forms representing a wider range of values was clearly shown in the O horizon and much 

flatter forms and lower values in A and B horizons. And as described above, there were a few 

high outlying values in the 2009 To Be Limed sites. 

 

Figure 15. Violin plot of % TC from both treatments in 2009 and 2019 showing the TC (%) 
differences between the years, treatments, and soil horizons as indicated in Table 7 (see 
description in Figure 11).  
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4.6 % TN 
The % TN levels of organic material in acid forest soils in Appalachia range from 1.0 to 

1.4% (Adams et al., 2006). The A and B horizons have lower % TN values from 0.1 to 0.4%. In 

our study, O horizons in 2009 averaged 1.4 and 2.0 % TN for the Unlimed and the To Be Limed 

sites (Table 8). For the Unlimed treatments in 2009 vs 2019, % TN was not significantly different 

and the To Be Limed sites in 2009 and the Unlimed sites in 2019 were found to be statistically 

different in % TN than the 2019 Limed sites (2.0 and 1.5 vs 1.0 # L). 

Total Nitrogen values in A horizons mirrored the trends in the O horizon (Table 8); sites 

in 2009 did not vary in average values and the To Be Limed sites in 2009 and Unlimed sites in 

2019 were significantly different than the Limed sites in 2019. The values in B horizons showed 
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little difference across treatments and years. Total nitrogen was five to ten times higher in the 

O and A horizons than B horizons. 

Table 8. Average % TN values (%) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average % TN 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 1.4 ± 0.08 2.0 ± 0.08 # 1.5 ± 0.07 1.0 ± 0.07  # L 

A 0.5 ± 0.05 0.5 ± 0.05 0.4 ± 0.02 U 0.3 ± 0.02 # L 

B 0.2 ± 0.02 0.2 ± 0.02 0.1 ± 0.01 U 0.2 ± 0.01 L 

 
Violin plots of % TN (Figure 16) were almost identical to the plots of % TC in Figure 15. 

Taller forms representing more variation in values were apparent in O horizons compared to A 

and B horizons.  

 
 
Figure 16. Violin Plot of % TN from both treatments in 2009 and 2019 showing the TN (%) 
differences between the years, treatments, and soil horizons as indicated in Table 8 (see 
description in Figure 11).  
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4.7 P 
The phosphorus (P) values of organic material in acid forest soils in Appalachia range 

from 80 to 140 mg/kg (Pabian et al., 2012b; Dukes et al., 2020). The A and B horizons showed 

much lower P values from 6.0 to 15 mg/kg. In our study, O horizons in 2009 averaged 56 and 72 

mg/kg for the Unlimed and the To Be Limed sites (Table 9). For the Unlimed treatments, P 

levels were significantly lower in 2009 vs 2019 (56 vs 69 U). The To Be Limed sites in 2009 and 

the Unlimed sites in 2019 were both significantly higher in P levels than the 2019 Limed sites 

(72 and 69 vs 49 # L). 

The phosphorus values in A horizons were ten times lower than in O horizons and the 

2019 sites were both significantly lower in P than the 2009 sites (Table 9). The P levels in B 
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horizons showed almost no differences with average totals ranging from 2 to 3 mg/kg. As 

mentioned, P values were ten times higher in O horizons compared to A horizons and 20 times 

higher than B horizons.  

Table 9. Average P values (mg/kg) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average P 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 56 ± 6 72 ± 6 # 69 ± 10 U 49 ± 10 # L 

A 6 ± 0.5 6 ± 0.5 4 ± 0.3 U 3 ± 0.3 L 

B  2 ± 0.2 3 ± 0.2 2 ± 0.1  2 ± 0.1  L 

 
  

Violin plots for P showed a distinct trend. The forms for most sites in 2009 and 2019 

showed large variation (taller), while the forms for the 2019 Limed sites were more flattened 

except for some outliers (Figure 17). 

 
 
Figure 17. Violin plot of P from both treatments in 2009 and 2019 showing the P (mg/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 9 (see 
description in Figure 11).  
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4.8 K 
The potassium (K) levels of organic material in acid forest soils in Appalachia range from 

0.20 to 0.21 cmol+/kg (Farr et al., 2009). The A and B horizons show lower K levels from 0.08 to 

0.20 cmol+/kg. In our study, O horizons in 2009 averaged 1.5 and 2.0 cmol+/kg for the Unlimed 

and the To Be Limed sites (Table 10). For the Unlimed treatments in 2009 vs 2019, K levels were 

similar. The To Be Limed sites in 2009 and the Unlimed sites in 2019 were both significantly 

higher in K levels than the 2019 Limed sites (2.0 and 1.3 vs 1.0 # L). 

The K levels in A horizons were five times lower than O horizons (Table 10). Sites in 2009 

did not vary in average values, but the K levels were significantly higher for the 2009 To be 

Limed vs 2019 Limed sites. The K values in B horizons were very similar ranging from 0.12 to 
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0.14 cmol+/kg (Table 10). Values of K in O horizons were five times higher than A horizons and 

ten times higher than B horizons. 

Table 10. Average K values (cmol+/kg) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average K 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 1.5 ± 0.15  2.0 ± 0.15  1.3 ± 0.05  1.0 ± 0.05 # L  

A 0.29 ± 0.023   0.28 ± 0.023   0.25 ±0.021 0.19 ± 0.021 L 

B 0.14 ± 0.008 0.12 ± 0.008 0.12 ± 0.010 0.14 ± 0.010 

 

Violin plots of K (Figure 18) show taller forms in 2009 compared to 2019. K values were 

more similar (flatter) for the 2019 Limed sites.  

 
Figure 18. Violin plot of K from both treatments in 2009 and 2019 showing the K (cmol+/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 10 (see 
description in Figure 11).  
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4.9 Ca 
In this project, Ca was chosen as an indicator of the level of success in liming these soils 

in the MNF. If significantly higher levels of Ca were found in the O and A horizons of Limed sites, 

the project would be deemed a success. Further sampling over time will help determine the 

longevity of the liming effects.  

The Ca levels of organic material in acid forest soils in Appalachia range from 1.1 to 9.4 

cmol+/kg (Farr et al., 2009; Kogelmann and Sharpe., 2006; Bailey et al., 2005; Drohan and 

Sharpe., 1997). The A and B horizons show lower Ca levels from 0.14 to 4.4 cmol+/kg. In our 

study, O horizons in 2009 averaged 9.1 and 9.3 cmol+/kg for the Unlimed and the To Be Limed 

sites (Table 11). For the Unlimed treatments in 2009 vs 2019, Ca levels were 9.3 and 7.9 

cmol+/kg, respectively, and were not statistically different. The To Be Limed sites in 2009 and 

the Unlimed sites in 2019 were both significantly lower in Ca levels than the 2019 Limed sites 
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(9.1 and 7.9 vs 27.2 # L). Average Ca levels were three times higher between Unlimed and Limed 

sites in 2019 (7.9 and 27.2 #).  

The Ca levels in A horizons were four to ten times lower compared to O horizons (Table 

27). Sites in 2009 did not vary in average values (0.9 and 0.7). For the Unlimed treatments in 

2009 vs 2019, Ca levels were statistically higher in 2009 vs 2019 (0.7 vs 0.5 U). Also, the To Be 

Limed sites in 2009 and the Unlimed treatments in 2019 were significantly lower in Ca levels 

than the 2019 Limed sites (0.7 and 0.5 vs 3.2 # L). The Ca levels in B horizons were four to five 

times lower than A horizons. The To Be Limed Ca levels in 2009 and also the Unlimed sites in 

2019 were both significantly lower than 2019 Limed sites (0.2 and 0.1 vs 0.4 # L) just like the A 

horizon (Table 11). 

Table 11. Average Ca values (cmol+/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average Ca 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 9.3 ± 0.76  9.1 ± 0.76  7.9 ± 1.30  27.2 ± 1.28 # L  

A 0.9 ± 0.10  0.7 ± 0.10  0.5 ± 0.33 U 3.2 ± 0.33 # L  

B 0.2 ± 0.05  0.2 ± 0.05 0.1 ± 0.04  0.4 ± 0.04 # L 

 
 
 Violin plots of Ca (Figure 19) are quite unique. The 2009 sites and 2019 Unlimed sites 

show similar flat and wide forms while, as noted above, the 2019 Limed sites have much higher 

variation and a wider range of values, giving a taller plot. This is further shown in the A horizon 

and continues into the B horizon. The only conclusion we can reach is that lime particles found 

their way into the samples collected from the A and B horizons. It is inconceivable that Ca could 

have dissolved and infiltrated into those lower horizons. Further sampling at three and five 

years from liming will more clearly identify the liming effect on those two horizons.  

 
Figure 19. Violin lot of Ca from both treatments in 2009 and 2019 showing the Ca (cmol+/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 11 (see 
description in Figure 11).  
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4.10 Mg 
The Mg levels of organic material in acid forest soils in Appalachia range from 0.38 to 

0.84 cmol+/kg (Farr et al., 2009; Bailey et al. 2005; Kogelmann and Sharpe., 2006). The A and B 

horizons show lower Mg levels from 0.05 to 0.63 cmol+/kg. In our study, O horizons in 2009 

averaged 1.8 and 2.0 cmol+/kg for the Unlimed and the To Be Limed sites (Table 12).For the 

Unlimed treatments in 2009 vs 2019, Mg levels were statistically different (1.8 vs 2.0 U). Since 

the material spread in this project contained only 3.3% Mg, we did not expect there to be a 

significant difference in Mg on Limed sites. The low levels and slower reaction of Mg(CO)3 than 

Ca(CO)3 suggested that there would be no effect of liming. Plus, the large sand-sized particle 

sizes were slower to react than pulverized limestone. The results for Mg showed no significant 

differences even though the average values were slightly higher for the 2019 Limed sites (2.0 vs 

2.4).   
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The Mg levels in A horizons showed no significant differences in any of the treatments 

or years (Table 12). The Mg levels in B horizons also showed little differences in values. There 

was a 95% decrease in values between the O and B horizons.  

Table 12. Average Mg values (cmol+/kg) in O, A, and B horizons for sites sampled in the 
Terrestrial Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average Mg 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 1.8 ± 0.13 2.0 ± 0.13 2.0 ± 0.23 U 2.4 ± 0.23 

A 0.29 ± 0.025 0.30 ± 0.025 0.27 ± 0.050 0.38 ± 0.050 

B 0.1 ± 0.008 0.1 ± 0.008  0.08 ± 0.008 0.1 ± 0.008 # L 

 
 

Violin plots of Mg values (Figure 20) showed similar forms as those for Ca except the 

magnitude of tallness was reduced. Outlying values were evident for the 2019 Limed sites.  

 
Figure 20. Violin Plot of Mg from both treatments in 2009 and 2019 showing the Mg (cmol+/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 12 (see 
description in Figure 11).  
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4.11 Na 
The Na levels of organic material in acid forest soils in Appalachia range from 0.03 to 

0.05 cmol+/kg (Farr et al., 2009). The A and B horizons show similar Na levels from 0.02 to 0.05 

cmol+/kg. In our study, O horizons in 2009 averaged 0.15 and 0.17 cmol+/kg for the Unlimed 

and the To Be Limed sites (Table 13). Na concentrations were significantly lower in the 2019 

Limed sites compared to the 2009 To Be Limed and 2019 Limed sites (0.17 and 0.13 vs 0.08 # L).  

The Na levels in A horizons mirrored the trends shown in O horizons, although the 

values were one-half the levels in the O horizon (Table 13). The Na levels in B horizons showed 

few differences. Levels of Na were similar in the A and B horizons, which were about three 

times less than the O horizon. 

Table 13. Average Na values (cmol+/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 3 for letter and symbol descriptions.   
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Average Na 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 0.15 ± 0.013 0.17 ± 0.013 0.13 ± 0.013 0.08 ± 0.013 # L 

A 0.1 ± 0.01 0.1 ± 0.01 0.04 ± 0.004 U 0.03 ± 0.004 L 

B 0.04 ± 0.004 0.04 ± 0.004 0.03 ± 0.004 0.02 ± 0.004 L 

 
 

Violin plots of Na concentrations (Figure 21) showed some variation in the height of 

plots. Na variation in the O horizon appeared to be larger than the A and B horizons.  

 
Figure 21. Violin plot of Na from both treatments in 2009 and 2019 showing the Na (cmol+/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 13 (see 
description in Figure 11).  

 

 



54 
 

4.12 Al 
Aluminum is another surrogate for acid levels and low pH in soils. As such, Al can also be 

a primary indicator of the level of success of a liming treatment. One of the main reasons for 

liming, aside from lowering pH and raising Ca levels, is to reduce Al concentrations to non-toxic 

levels.  

The aluminum (Al) levels of organic material in acid forest soils in Appalachia range from 

540 to 648 mg/kg (Farr et al., 2009). The A and B horizons show lower and similar Al levels from 

324 to 612 mg/kg. In our study, O horizons in 2009 averaged 272 and 275 mg/kg for the 

Unlimed and the To Be Limed sites (Table 14). For Unlimed treatments in 2009 vs 2019, Al levels 

were not statistically different (275 vs 261). The To Be Limed sites in 2009 and the Unlimed sites 

in 2019 were both significantly higher in Al levels than the 2019 Limed sites (272 and 261 vs 58 # 

L). These lower levels of Al confirm the effect of liming similarly as shown earlier with the higher 

concentrations of Ca and higher pH values. 

The Al levels in A horizons were similar to the trends shown in O horizons; there were 

no significant differences for 2009 sites, and the 2019 Limed sites being significantly lower than 

the 2009 To Be Limed and the 2019 Unlimed sites ( 647 and 627 vs 325 # L, Table 14). The 

average Al levels in B horizons were not different ranging from 461 to 506 mg/kg (Table 14). Al 

concentrations almost doubled from O to B horizons. 

 

Table 14. Average Al values (mg/kg) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average Al 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 275 ± 33 272 ± 33 261 ± 17 58 ± 17 # L 

A 584 ± 44 647 ± 44 627 ± 31 325 ± 32 # L 

B 461 ± 36 510 ± 36 464 ± 27 506 ± 28 
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Violin plots of Al (Figure 22) showed a wide range of values in all sites and treatments 

except for the O horizons of the 2019 Limed sites. This form is one of the most flat (less 

variation) of any form shown.  

 

 
Figure 22. Violin plot of Al from both treatments in 2009 and 2019 showing the Al (mg/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 14 (see 
description in Figure 11).  
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4.13 Fe 
In this area of humid and acid-forming parent materials, the soils generally have high 

levels of Al and Fe. With liming, Al and Fe concentration changes should show similar trends 

due to the changes in pH with liming. The Fe levels of organic material in acid forest soils in 

Appalachia range from 9 to 960 mg/kg (Smith et al., 2013). The A and B horizons showed similar 

Fe levels from 50 to 900 mg/kg. In our study, O horizons in 2009 averaged 25 mg/kg for both 

the Unlimed and the To Be Limed sites (Table 15).  For the Unlimed treatments in 2009 vs 2019, 

Fe levels were statistically different as Fe levels almost doubled (25 vs 49 U). The To Be Limed 

sites in 2009 and the Unlimed sites in 2019 were both significantly higher in Fe levels than the 

2019 Limed sites (25 and 49 vs 12 # L), confirming the results shown above with Al. 

The Fe levels in A horizons varied from 30 to 40 mg/kg in 2009 (Table 15). For the 

Unlimed sites in 2009 vs 2019, Fe levels significantly increased over the 10-year sampling period 

(30 vs 44 U). The Fe levels in B horizons showed similar values except for the 2019 Limed sites, 

which showed a doubling of Fe concentrations (Table 15). This is a curious result since all sites 

(not just one or two) showed increases of Fe and we cannot explain this apparent increase in Fe 

concentrations. Values for Fe were similar across all horizons. 

Table 15. Average Fe values (mg/kg) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average Fe 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 25 ± 3 25 ± 3 49 ± 4 U 12 ± 4 # L 

A 30 ± 5 40 ± 5 44 ± 5 U 29 ± 5 

B 11 ± 3 14 ± 3 14 ± 3 U 28 ± 3 # L 

 
 

Violin plots of Fe (Figure 23) showed a curious trend with tall forms representing high 

levels of variation (except for 2019 Limed sites), which tended to get shorter (less variation in 

values) with depth.  
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Figure 23. Violin plot of Fe from both treatments in 2009 and 2019 showing the Fe (mg/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 15 (see 
description in Figure 11).  

  

 

 

4.14 Mn 
The Mn levels of organic material in acid forest soils in Appalachia range from 147 to 

431 mg/kg (Kogelmann and Sharpe., 2016). The A and B horizons showed Mn levels from 4 to 

172 mg/kg. In our study, O horizons in 2009 averaged 310 and 454 mg/kg for the Unlimed and 

the To Be Limed sites (Table 16). For the Unlimed treatments in 2009 vs 2019, Mn levels were 

statistically different as Mn levels significantly increased over time (310 vs 512 U). The To Be 

Limed sites in 2009 and the Unlimed sites in 2019 were both significantly higher than Mn levels 

in the 2019 Limed sites (454 and 512 vs 397 # L). 
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The average Mn levels in A horizons were not significantly different among treatments 

sites or years (range of 48 to 88 mg/kg, Table 16). The Mn levels in B horizons also showed no 

differences among treatments or years. Manganese concentrations decreased more than 20 

times from O (average of 420 mg/kg) to B horizons (average of 16 mg/kg). 

  

Table 16. Average Mn values (mg/kg) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.   
 

Average Mn 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 310 ± 36 454 ± 36 512 ± 53 U 397 ± 52 # L 

A 48 ± 17 59 ± 17 88 ± 19 64 ± 20 

B 10 ± 3 13 ± 3 19 ± 8 23 ± 8 

 
 

Violin plots of Mn (Figure 24) showed taller forms in O horizons with distinct outlying 

values stretching the forms. Very small variation among values within treatment and years gave 

some of the flattest forms of any element in this study. 

 
Figure 24. Violin plot of Mn from both treatments in 2009 and 2019 showing the Mn (mg/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 16 (see 
description in Figure 11).  
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4.15 Zn 
The Zn levels of organic material in acid forest soils in Appalachia range from 1 to 344 

mg/kg (Smith et al., 2013). The A and B horizons showed similar but higher Zn levels from 1 to 

1,440 mg/kg. In our study, O horizons in 2009 averaged 15 and 17 mg/kg for the Unlimed and 

the To Be Limed sites (Table 17). For the Unlimed treatments in 2009 vs 2019, Zn levels were 

statistically different (15 vs 19 #). The To Be Limed sites in 2009 and the Unlimed sites in 2019 

were both significantly higher in Zn levels than the 2019 Limed sites (17 and 19 vs 5 # L). 

The Zn levels in A horizons showed only small variation and the 2019 Unlimed and 

Limed sites were significantly lower than their counterparts in 2009 (Table 17). The Zn levels in 

B horizons were not different for 2009 nor for 2019. The To Be Limed sites in 2009 were 

statistically different in Zn levels than the 2019 Limed sites (1.5 vs 1.0 L, Table 17). 
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Table 17. Average Zn values (mg/kg) in O, A, and B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 3 for letter and symbol descriptions.    
 

Average Zn 2009 2019 

Horizon Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O 15 ± 1 17 ± 1 19 ± 1 U 5 ± 1 # L 

A 4.8 ± 0.82 3.8 ± 0.82 3.1 ± 0.36 U 2.2 ± 0.37 L 

B 1.1 ± 0.14 1.5 ± 0.14 1.0 ± 0.09 1.0 ± 0.09 L 

 
 

Violin plots of Zn (Figure 25) were quite distinct with tall forms for O horizons and less 

variation for A and B horizons.  

 

Figure 25. Violin plot of Zn from both treatments in 2009 and 2019 showing the Zn (mg/kg) 
differences between the years, treatments, and soil horizons as indicated in Table 17 (see 
description in Figure 11).  
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5. Discussion 
 One of the purposes of this study was to monitor the soil response of liming application 

to determine whether liming raised pH and Ca levels, and decreased soil acidity and Al levels in 

the O, A, and upper B horizons of the forest soils in the MNF.  

In the MNF, soils with the liming treatment showed significantly higher pH levels in the 

O horizon (4.6 vs 5.9). In the A and B horizons, there was no significant difference between 

Limed and Unlimed sites in 2019. Ca concentrations were increased by more than three times 

with liming in both the O and A horizons, while Al concentrations were decreased by half or 

more in both horizons.  

Long et al. (2015) found that liming with pulverized dolomitic limestone at 22 Mg/ha 

increased pH, Ca, and Mg levels, and that these higher values persisted 21 years after 
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application at depths of up to 45 cm. At the same time, decreases in Al and Mn concentrations 

occurred during these years. Soil sampling for the Long et al. (2015) study took place during 

years 1, 4, 8, 11, 16, and 21 post liming so it was possible to compare the results of both 

studies. The Limed sites from our WV study had very similar results in the first year after liming 

when compared with the limed sites in Long et al. (2015). In the O and A horizons, Long et al. 

(2015) found increased levels of pH and exchangeable Ca, as well as decreased levels of Al 

(Tables 18-20).  

Table 18. Average pH values for first-year results after liming for the Fowler et al. and Long et 
al. studies. 

pH 1st Year Post Liming 4th Year Post Liming 

Horizon Fowler et al. Long et al. Long et al. 

 Unlimed Limed Unlimed Limed Unlimed Limed 

O 4.6 5.9 3.7 5.5 3.7 5.7 

A 4.3 4.6 3.9 4.2 3.9 4.4 

 

Table 19. Average Ca concentrations (cmol+/kg) for first-year results after liming for the Fowler 
et al. and Long et al. studies. 

Ca 1st Year Post Liming 4th Year Post Liming 

Horizon Fowler et al. Long et al. Long et al. 

 Unlimed Limed Unlimed Limed Unlimed Limed 

O 7.9 27.2 1.8 9.5 1.7 9.0 

A 0.5 3.2 0.2 0.4 0.3 0.8 

 

Table 20. Average Al concentrations (mg/kg) for first-year results after liming for the Fowler et 
al. and Long et al. studies.  

Al 1st Year Post Liming 4th Year Post Liming 

Horizon Fowler et al. Long et al. Long et al. 

 Unlimed Limed Unlimed Limed Unlimed Limed 



63 
 

O 261.0 58.0 33.3 15.3 31.5 13.5 

A 627.0 325.0 42.3 39.6 45.0 36.9 

 

 

The pH of O horizons was lower in unlimed soils in the Long et al. (2015) study with a pH 

of 3.7 compared to the pH in our Unlimed sites at 4.6 (Table 18). But liming increased the pH of 

O horizons to between 5.5 to 5.9 in both studies. In A horizons after the first  year in both 

studies, soil pH with liming was more modest: pH increasing from 3.9-4.3 to 4.2-4.6.  

Calcium concentrations increased dramatically in O horizons in both studies with a 

three-fold increase in our study (7.9 to 27.2 cmol+/kg) and a five-fold increase in Long et al. (1.8 

to 9.5 cmol+/kg) (Table 19). After four years, the Ca levels remained unchanged from the first-

year results in Long et al.  

Al concentrations decreased by almost 80% (261 to 58 mg/kg) in our study and were 

decreased by 50% in Long et al. (Table 20). Al concentration decreases in A horizons were not as 

dramatic. Results of sampling after four years showed similar results to first-year results.  

The liming material in the Long et al. (2015) study was pulverized and was expected to 

dissolve and move into the soil more rapidly than the sand-sized lime used in our study. 

However, we found similar values of pH and Ca in the O horizons as they found after one year 

post liming. The solutions used for extracting elements were not the same and could account 

for high levels of Ca and Al extracted from the WV soils. The Long et al. (2015) study used 

NH4OAc for extraction while our study used NH4Cl for extraction. The pH of NH4Cl solutions 

(used for WV soils) is slightly acidic (pH 5.0 to 6.0), while NH4OAc solutions (used for PA soils) 

have a pH of 7.0. Therefore, it would be expected that more Ca and Al would be extracted with 

NH4Cl than NH4OAc. Shuman and Duncan (1990) recommended that NH4Cl be used for 

extracting ions from recently limed samples, while NH4OAc be used for extracting samples not 

recently limed, nor containing residual lime (see also Ciesielski and Sterckeman, 1997). Tables 

19-20 do indeed show more Ca and Al were extracted using NH4Cl in our study compared to 
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NH4OAc in the Long et al. (2015) study, but the relative changes in concentrations seem to be 

consistent between studies.  

The sand-sized liming material used in the WV study will continue to dissolve but at very 

slow rates. It is expected that lime material that passed through a 60-mesh sieve (50% or about 

4 Mg/ha) has likely reacted and dissolved in these acid forest soils and the remaining 50% of 

the lime material will be much slower and take many more years to react. Liu et al. (2005) 

showed that the dissolution rate for dolomite is much lower than that of calcite and that 

limestone dissolution rate is around 4 to 60 times faster than dolomite (see Jones Jr. (2016).  

Therefore, the dolomitic limestone used in the Long et al. (2015) study should be slower 

reacting even with smaller particle size. Nevertheless, the limestone used in our study, because 

of its large particle size, will take many years to dissolve.   

The results in the MNF study look promising and we can only surmise that the Limed 

sites in the MNF may experience this same long-lasting effect 21 years after liming that was 

found by Long et al. (2015). The liming application rate in Long et al. (2015) was higher at 22.4 

Mg/ha while the liming rate for our MNF study was about half that (6.7 to 11.2 Mg/ha). Their 

lime material was finely ground dolomitic limestone, and the CCE of the lime used in Long et al. 

(2015) was listed at 105.6%. Our material was sand-sized calcite (a small amount of Mg at 3.3%) 

with 90% CCE. 

Liming also had an effect on OM and TC as both of these decreased in the O and A 

horizons. This could be related to the increased pH levels which may have increased microbial 

activity as reported from Andersson et al. (1999), Driscoll et al. (1996), and Moore et al. (2014). 

The Limed sites also had decreased K concentrations in the O horizons. This same result can be 

said for Fe as well. The decrease of P in the O horizon was also significant on Limed sites, which 

also could be influenced by increased microbial activities and P uptake as found in Haynes 

(1982).  

For the last objective, the study design also allowed for a comparison of unlimed soils 

between 2009 and 2019. We found that pH of O and A horizons in Unlimed soils in 2009 were 

4.3 and 3.9 compared to 4.6 and 4.3 for these same Unlimed soils in 2019. Calcium 
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concentrations declined in soils between 2009 and 2019 from 8.3 to 7.9 cmol+/kg in O horizons 

and 0.9 an 0.5 cmol+/kg in A horizons. Acidity values slightly increased between 2009 and 2019; 

7 vs 11 cmol+/kg in O horizons and 8 vs 11 cmol+/kg in 2019. Aluminum concentrations were 

similar in O (275 vs 261) and A (585 vs 627) horizons between 2009 and 2019, respectively.  

In our WV study, pH levels in Unlimed sites rose slightly (4.3 to 4.6) between 2009 and 

2019 while soils in the Drohan and Sharpe (1997) and Bailey et al. (2005) studies decreased. 

Our Unlimed sites in 2009 and 2019 showed decreases in Ca in the O and A horizons which 

were similar to their results. But the sampling span of 10 years in our study was much shorter 

than their 20- and 30-yr studies.  

Farr et al. (2009) measured soil properties of A and B horizons in the MNF and described 

the low Ca/Al ratios in these soils. Unfortunately, their sampling did not include O horizons to 

which we could compare our results. Their study, which sampled soils in 2004 in the nearby 

Cherry River watershed of WV, had average pH values in the A horizon of 3.7 to 4.0 compared 

to our study with average pH of 3.7 to 3.9 in 2009 and 4.3 in 2019. Their Ca concentrations in A 

horizons of 0.7 cmol+/kg compared to our values of 0.9 cmol+/kg in 2009 and 0.5 cmol+/ kg in 

2019. Their acidity values in A horizons were 7.8 cmol+/kg, while ours were 7 cmol+/kg in 2009 

and 11 cmol+/kg in 2019. This shows that the soils in the MNF were similar in pH between 2004 

and 2019 and remained similar in Ca and acidity, confirming the idea that these soils have not 

improved even when acid deposition rates were lower. Aluminum concentrations reaffirmed 

these results with values of 6.6 cmol+/kg in 2004 compared to 6.8 cmol+/kg in 2009 and 7 

cmol+/kg in 2019 (converted to units that corresponded with their study). 

Hayes (1982) documented that as soil pH increased from liming, P adsorption should 

increase due to occlusion of phosphate by precipitation of Al and Fe hydroxide, and therefore 

the solubility of P should decrease. Pabian et al. (2012b) found that liming had little effect on 

exchangeable P but did note that exchangeable P decreased as pH levels increased from 4.0 to 

4.7 over the five years of their study. Though this is only the first year of our WV study, liming 

showed reduced levels of P in both the O and A horizons and it is probable that a similar result 

will persist for P levels with higher pH. 
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Changes in tree species composition due to acid deposition has been a less important 

factor since 2000. Many other factors are involved in the changing conditions of these forests 

and their influence on tree growth, competition, and tree species losses or increases. Climate 

change, diseases, soil factors, annual climate with droughts, tree harvesting practices and 

prescribed fire (or lack of) also influence tree and herbaceous species composition in forests. 

Iverson and Hutchinson (2002) noted that surface fires were an important disturbance in 

forests from early Euro-American settlement to the 1940’s, but since the 1940’s fire 

suppression was largely implemented and is shifting forest dominance to maples and other 

mesic species.   

In summary, for the Unlimed and To Be Limed sites in 2009 and the Unlimed sites in 

2019, few significant differences were found among the averages for these sites including these 

parameters: %TC, %TN, K, Ca, Mg, Na, Al.  For other elements like Fe, Mn, Zn (including pH, 

acidity, ECEC, %OM, P), there were significant differences between the average values at sites 

in 2009 and Unlimed sites in 2019. For the Limed sites in 2019, significant differences were 

found in the O horizon averages for Na, Fe, Mn, and Zn; %TN also shared this significance but 

also had significant differences in the A horizon as well unlike Na, Fe, Mn, and Zn. We look 

forward to sampling these soils at three- and five-years post mining to evaluate whether the 

differences (or nondifferences) will remain and what other trends may be discovered. We feel 

that the three- and five-year studies will provide a better representation of the liming effects on 

these soils.   

6. Conclusions 
 

The objectives of this study were to determine whether the application of lime to these 

soils; 1) raised pH and Ca levels in the O, A and upper B horizons; 2) decreased soil acidity and 

Al concentrations in these horizons; 3) changed other elemental concentrations in soils; and 4) 

to determine the changes in these soils over the 10 year period from 2009 to 2019.  

For objective one, liming clearly increased pH and increased Ca concentrations in O 

horizons by three times. Liming also increased the pH and Ca in A horizons but less so. For 
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objective 2, we found that liming significantly decreased acidity concentrations from 7 to 3 

cmol+/kg and decreased Al concentrations from an average of 272 to 58 mg/kg. In A horizons, 

the decreases were less drastic. For objective 3, we found that liming increased ECEC in O 

horizons and decreased % OM, as well as Fe, Mn, and Zn concentrations. 

We acknowledge that the sampling procedure for the Limed sites in 2019 collected 

particles of unreacted lime in the samples and the increased pH and Ca concentrations which 

were found in these soils in 2019 are an artifact of those particles being found in the samples. 

We know that these improved conditions in Limed soils are artificial and not a true 

representation of actual changes due to liming. With time, it is expected that the lime particles 

will continue to be broken down and weathered (albeit slowly due to the remaining larger 

particle sizes), and the dissolution products of the lime will be carried into the soil. The acid 

soils will buffer the introduction of lime dissolution products and undoubtedly lower the 

perceived liming effect that we observed in our 2019 sampling. We expect that subsequent 

sampling of these soils will probably show lower pH and lower Ca concentrations in O horizons 

than what was measured in 2019. Future samplings in years 3 and 5 will give a much better 

representation of the effects of the lime application to these acid MNF soils. 

The selection of sites and the sampling procedures put in place will permit the 

researchers to determine the effectiveness of lime application and its effects in subsequent 

years. We will assess whether these increases in pH and Ca concentrations, and reductions in 

acidity and Al concentrations will persist up to five years after the lime application in O horizons 

and whether lime effects will be reflected in A horizons. 

For objective 4, the sampling and statistical approach in this study allowed comparisons 

between soils sampled in the MNF in 2009 and 2019. The Unlimed sites in 2009 and 2019 were 

very similar in pH, acidity, and Al concentrations, showing little change during the 10 years 

between sampling. An earlier 2004 soil sampling study in an adjacent watershed in the MNF 

also showed very similar values of these parameters as was found in 2009 and 2019. Future 

samplings in 2021 and 2023 will allow further evaluation of changes in these soils due to time 

and reduced acid deposition. 
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Appendix 1 – Data Tables for All Parameters 
 

Table 21. Average soil pH values in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes for explanations of statistical comparison among sites, within and across 
years, and with liming treatment.  
 

pH 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 4.2 b  4.5 a 4.4 a  5.4 c * Y 

37/37-3 4.9 a 4.3 ab * 4.6 a 6.3 b * Y 

31/37-2 3.9 b 4.2 ab 4.5 a & 4.9 c  

18/16 4.5 b 4.0 ab * 5.3 a & 5.5 bc Y 

1/3 4.2 b 3.9 b 4.4 a 7.0 a * Y 

Average Total 4.3 ± 0.06 4.2 ± 0.06 # 4.6 ± 0.08 U 5.9 ± 0.08 # L  
# Indicates significant main effect of treatment (average of Unlimed vs Limed sites) within year. 
U Indicates significant main effect of year (average of 2009 vs 2019 sites) within Unlimed treatment. 
L Indicates significant main effect of year (average of 2009 vs 2019 sites) within To be Limed vs Limed. 
* Indicates significant effect of treatment within paired sites within year. 
Letter superscripts indicate differences among sites within the treatments (columns) of that year. Sites 
within treatment that don’t share the same letter are significantly different. 
& Indicates significant effect of year (2009 vs 2019) for each site of Unlimed treatments. 
Y Indicates significant effect of year (2009 vs 2019) for each site of To Be Limed and Limed treatments. 

 
Table 22. Average soil pH values in A horizons for sites sampled in the Terrestrial Liming Project. 
See footnotes in Table 21 for letter and symbol descriptions.   
 

pH 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 4.1 a  3.9 a  4.9 a & 4.7 ab Y 

37/37-3 3.4 b  3.4 b  3.5 c  4.3 b * Y 

31/37-2 3.7 b  3.5 b  4.3 bc & 4.2 b Y 

18/16 4.2 a 3.5 b *  4.7 ab &  4.6 ab Y 

1/3 4.2 a 4.0 a *  4.3 bc  4.9 a * Y 

Average Total 3.9 ± 0.03  3.7 ± 0.03 #  4.3 ±0.06 U 4.6 ± 0.06  L  

 
Table 23. Average soil pH values in B horizons for sites sampled in the Terrestrial Liming Project. 
See footnotes in Table 21 for letter and symbol descriptions.  
 

pH 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 
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B E509/509 4.6 ab  4.4 ab  4.9 a & 4.9 a Y 

37/37-3 4.2 b  4.3 b  4.3 b  4.3 b  

31/37-2 4.6 a  4.2 b *  4.8 a & 4.3 b *  

18/16 4.7 a  4.1 b *  4.9 a & 5.0 a Y 

1/3 4.7 a  4.7 a  4.8 a 4.9 a  

Average Total 4.5 ± 0.05  4.3 ± 0.05 #  4.8 ± 0.03 U 4.7 ± 0.03 L  
 

Table 24. Average acidity values (cmol+/kg) in O horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Acidity 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 10 a  10 a  11 a 4 ab * Y 

37/37-3 5 bc 4 b 10 ab &  0 b * Y 

31/37-2 7 abc 6 b 13 a & 4 ab * 

18/16 3 c 6 b 6 b 6 a 

1/3 9 ab 11 a 14 a & 0 b * Y 

Average Total 7 ± 0.5 7 ± 0.5 11 ± 1 U 3 ± 1 # L 

 
Table 25. Average acidity values (cmol+/kg) in A horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Acidity 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 7 b  10 a 8 b 7 a 

37/37-3 10 ab 8 a 11 ab 5 a * 

31/37-2 6 b 8 a 10 b & 8 a 

18/16 5 b 8 a 10 b & 6 a * 

1/3 12 a 12 a 15 a & 6 a * Y 

Average Total 8 ± 1 9 ± 1 11 ± 0.5 U 6 ± 0.5 # L 

 
Table 26. Average acidity values (cmol+/kg) in B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Acidity 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 4 c  6 a 5 b 5 c Y 

37/37-3 9 a 7 a 9 a 9 ab 

31/37-2 4 bc 7 a 7 ab & 11 a * Y 

18/16 4 bc 6 a 6 ab & 5 c 
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1/3 8 ab 7 a 9 ab 7 bc 

Average Total 6 ± 0.4 7 ± 0.4 7 ± 0.4 U 8 ± 0.4 

 

Table 27. Average ECEC values (cmol+/kg) in O horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

ECEC 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 16 b  18 a 18 a 21 c  

37/37-3 29 a 25 a 24 a 35 b * Y 

31/37-2 17 b 20 a 23 a & 21 c 

18/16 17 b 19 a 23 a & 29 bc Y 

1/3 18 b 18 a 24 a & 55 a * Y 

Average Total 19 ± 1   20 ± 1  22 ± 2 U 33 ± 2 # L 

 
Table 28. Average ECEC values (cmol+/kg) in A horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

ECEC 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 7 b  11 a 9 b  8 b  

37/37-3 12 ab 9 a 12 ab 9 b 

31/37-2 7 b 9 a 11 b & 10 ab 

18/16 8 ab 9 a  12 b & 8 b * 

1/3 13 a 14 a  17 a & 15 a 

Average Total 10 ± 1 10 ± 1 12 ± 1 U 10 ± 1 # 

 
Table 29. Average ECEC values (cmol+/kg) in B horizons for sites sampled in the Terrestrial 
Liming Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

ECEC 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 4 c  6 a  5 b  6 c  

37/37-3 9 a 8 a 10 a 10 ab 

31/37-2 5 bc 7 a 8 ab & 12 a * Y 

18/16 5 bc 6 a 7 ab 6 c 

1/3 8 ab 7 a 9 a 8 bc 

Average Total 6 ± 0.4 7 ± 0.4 8 ± 0.4 U 8 ± 0.4 
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Table 30. Average % OM values (%) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

% OM 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 42 bc  74 a * 53 a 39 ab Y 

37/37-3 81 a 70 a 64 a 21 b * Y 

31/37-2 60 ab 65 a 60 a 39 ab Y 

18/16 29 c 71 a * 46 a & 52 a 

1/3 55 ab 58 a 72 a 31 ab * Y 

Average Total 54 ± 3  68 ± 3 # 58 ± 3 U 35 ± 3 # L 

 
Table 31. Average % OM values (%) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

% OM 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 14 a  27 a 12 a 11 ab Y 

37/37-3 25 a 12 a * 12 a  & 8 b 

31/37-2 13 a 16 a 13 a 11 ab 

18/16 15 a 16 a 13 a 9 ab 

1/3 20 a 21 a 19 a 16 a 

Average Total 17 ± 2 18 ± 2 14 ± 1 U 11 ± 1 # L 

 
Table 32. Average % OM values (%) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.  
 

% OM 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 8 a  13 a 5 a & 8 ab 

37/37-3 10 a 7 a 8 a 7 ab 

31/37-2 6 a 10 a 6 a 10 a * 

18/16 9 a 6 a 6 a & 5 b 

1/3 9 a 9 a 8 a 7 ab 

Average Total 8 ± 0.8 9 ± 0.8 7 ± 0.5 U 7 ± 0.5 

 

Table 33. Average % TC values (%) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
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% TC 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 22 ab  38 a * 27 ab  22 ab Y 

37/37-3 42 a 36 a 33 ab 12 b * Y 

31/37-2 31 ab 35 a 34 ab 20 ab* Y 

18/16 14 c 38 a * 24 b & 28 a 

1/3 29 ab 32 a 37 a 21 ab * Y 

Average Total 28 ± 2 36 ± 2 # 31 ± 1  20 ± 1 # L 

. 
Table 34. Average % TC values (%) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

% TC 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 7 a  14 a * 6 b  5 ab Y 

37/37-3 12 a 6 a 6 ab & 4 b 

31/37-2 8 a 9 a 7 ab 6 ab 

18/16 7 a 9 a 6 b 5 ab 

1/3 10 a 12 a 10 a 8 a 

Average Total 9 ± 1 10 ± 1 7 ± 0.4 U 6 ± 0.4 # L 

 
Table 35. Average % TC values (%) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

% TC 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 4 a 6 a 2 a & 3 ab Y 

37/37-3 4 a 2 b 3 a 3 b 

31/37-2 3 a 5 ab 3 a 5 a * 

18/16 3 a 3 ab  2 a & 2 b 

1/3 4 a 3 ab 3 a & 2 b 

Average Total 3 ± 0.4 4 ± 0.4 2 ± 0.2 U 3 ± 0.2 # 

 
Table 36. Average % TN values (%) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

% TN 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 1.2 b  1.9 a * 1.3 a 1.1 ab Y 
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37/37-3 2.3 a 2.0 a 1.6 a 0.6 b * Y 

31/37-2 1.3 a 1.8 a  1.5 a 1.0 ab Y 

18/16 0.9 b 1.8 a * 1.3 a & 1.5 a 

1/3 1.4 b 1.4 a 1.7 a 0.7 b * Y 

Average Total 1.4 ± 0.08 2.0 ± 0.08 # 1.5 ± 0.07 1.0 ± 0.07  # L 

 
Table 37. Average % TN values (%) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

% TN 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 0.4 a  0.8 a 0.4 a  0.3 a Y 

37/37-3 0.7 a 0.4 a * 0.3 a & 0.2 a 

31/37-2 0.4 a 0.5 a 0.3 a 0.3 a 

18/16 0.5 a 0.5 a 0.4 a 0.3 a 

1/3 0.5 a 0.6 a 0.5 a 0.4 a 

Average Total 0.5 ± 0.05 0.5 ± 0.05 0.4 ± 0.02 U 0.3 ± 0.02 # L 

 
Table 38. Average % TN values (%) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

%TN 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 0.2 a  0.4 a 0.1 a & 0.2 ab Y 

37/37-3 0.2 a 0.2 a 0.1 a & 0.2 ab 

31/37-2 0.1 a 0.2 a 0.1 a 0.2 a * 

18/16 0.3 a 0.2 a 0.2 a & 0.1 b 

1/3 0.2 a 0.2 a 0.2 a 0.1 b 

Average Total 0.2 ± 0.02 0.2 ± 0.02 0.1 ± 0.01 U 0.2 ± 0.01 L 

 
Table 39. Average P values (mg/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

P 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 31 bc  37 b   38 a  15 b  

37/37-3 148 a 133 a 144 a 20 b * Y 

31/37-2 51 b 67 ab 86 a 56 ab 

18/16 12 c 81 ab * 34 a & 126 a  

1/3 37 bc 41 b 72 a 44 ab 
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Average Total 56 ± 6 72 ± 6 # 69 ± 10 U 49 ± 10 # L 

 
Table 40. Average P values (mg/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

P 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 3 b  6 a * 3 b  3 a  

37/37-3 9 a 6 a * 5 a & 4 a 

31/37-2 5 ab 5 a 4 ab 3 a 

18/16 5 ab 7 a 4 ab 4 a 

1/3 6 ab 7 a 5 ab 3 a * Y 

Average Total 6 ± 0.5 6 ± 0.5 4 ± 0.3 U 3 ± 0.3 L 

 
Table 41. Average P values (mg/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

P 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 1 b  2 a 2 ab 2 a  

37/37-3 4 a 3 a 3 a 2 a  

31/37-2 2 b 3 a * 2 ab 2 a 

18/16 2 ab 3 a 1 ab 0 b * Y 

1/3 3 ab 3 a 1 b & 2 a Y 

Average Total  2 ± 0.2 3 ± 0.2 2 ± 0.1  2 ± 0.1  L 

 
Table 42. Average K values (cmol+/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

K 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 1.0 b  2.0 a   1.0 b  1.0 b Y 

37/37-3 3.0 a 2.5 a  1.5 ab & 1.0 b * Y 

31/37-2 1.3 ab  1.3 a  1.4 ab  1.0 b *  

18/16 1.0 b  1.3 a  1.1 ab  2.0 a *  

1/3 2.0 ab  1.3 a  2.0 a  1.0 b* Y 

Average Total 1.5 ± 0.15  2.0 ± 0.15  1.3 ± 0.05  1.0 ± 0.05 # L  

 
Table 43. Average K values (cmol+/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
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K 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 0.17 b  0.36 ab *   0.21 b   0.17 a Y   

37/37-3 0.32 ab  0.19 b  0.14 b &  0.17 a   

31/37-2 0.22 ab  0.19 b  0.17 b   0.20 a   

18/16 0.34 ab  0.24 ab  0.30 ab   0.21 a   

1/3 0.40 a   0.41 a  0.41 a   0.22 a * Y 

Average Total 0.29 ± 0.023   0.28 ± 0.023   0.25 ±0.021 0.19 ± 0.021 L 

 
Table 44. Average K values (cmol+/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

K 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 0.12 b  0.2 a    0.12 ab   0.11 ab  

37/37-3 0.13 b   0.08 a   0.09 b  0.14 ab  

31/37-2 0.09 b   0.08 a   0.08 b  0.15 ab *  

18/16 0.14 b   0.11 a  0.13 ab  0.08 b  

1/3 0.22 a   0.16 a *  0.21 a 0.18 a  

Average Total 0.14 ± 0.008 0.12 ± 0.008 0.12 ± 0.010 0.14 ± 0.010 

 

Table 45. Average Ca values (cmol+/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Ca 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 4.3 b  5.1 b   3.8 c  14.8 b * Y 

37/37-3 18.1 a  15.1 a  9.6 ab 33.1 a * Y 

31/37-2 6.6 ab  11.1 ab  7.0 b 14.9 b * 

18/16 11.3 a  9.3 ab  13.8 a  17.9 b Y 

1/3 6.4 ab  4.7 b 5.9 bc 51.2 a * Y 

Average Total 9.3 ± 0.76  9.1 ± 0.76  7.9 ± 1.30  27.2 ± 1.28 # L  

 
Table 46. Average Ca values (cmol+/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

Ca 2009 2019 

Horizon Paired Sites Treatments Treatments 
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Unlimed To be Limed Unlimed Limed 

A E509/509 0.2 c  0.5 a  0.2 bc  0.7 c *  

37/37-3 1.0 ab  0.9 a  0.5 ab & 3.7 ab * Y 

31/37-2 0.3 bc 0.7 a  0.3 ab 2.2 bc * 

18/16 2.2 a  0.8 a *  0.9 a & 1.0 c  

1/3 0.7 bc  0.4 a  0.7 ab 8.0 a * Y 

Average Total 0.9 ± 0.10  0.7 ± 0.10  0.5 ± 0.33 U 3.2 ± 0.33 # L  

 
Table 47. Average Ca values (cmol+/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Ca 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 0.1 b  0.1 ab   0.1 b  0.2 c  

37/37-3 0.1 b 0.2 a * 0.1 b  0.8 a * Y  

31/37-2 0.1 b  0.2 ab * 0.1 ab  0.4 ab * 

18/16 0.6 a  0.2 ab *  0.2 a & 0.2 bc 

1/3 0.1 b  0.1 bc  0.1 b 0.5 a * Y 

Average Total 0.2 ± 0.05  0.2 ± 0.05 0.1 ± 0.04  0.4 ± 0.04 # L 

 
Table 48. Average Mg values (cmol+/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

Mg 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 0.9 b  1.4 b  1.1 b & 2.0 ab * 

37/37-3 3.1 a 3.1 a 2.8 a 1.8 ab 

31/37-2 1.8 a 2.0 ab 1.8 ab 1.5 b 

18/16 1.4 ab 2.0 ab 2.2 ab 3.6 a 

1/3 1.6 a 1.5 ab 2.4 a 3.3 ab 

Average Total 1.8 ± 0.13  2.0 ± 0.13 2.0 ± 0.23 U 2.4 ± 0.23 

 
Table 49. Average Mg values (cmol+/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

Mg 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 0.13 b  0.28 a * 0.14 b  0.20 b  

37/37-3 0.35 a 0.24 a 0.24 ab & 0.37 ab 

31/37-2 0.23 ab 0.24 a 0.24 ab 0.28 b 
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18/16 0.39 a 0.28 a 0.32 ab 0.25 ab 

1/3 0.34 a 0.3 a 0.47 a 0.73 a 

Average Total 0.29 ± 0.025 0.30 ± 0.025 0.27 ± 0.050 0.38 ± 0.050 

 
Table 50. Average Mg values (cmol+/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

Mg 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 0.07 ab  0.13 a 0.07 a 0.13 ab  

37/37-3 0.12 a 0.08 a 0.06 a &  0.17 a * Y 

31/37-2 0.04 b 0.09 a * 0.07 a 0.13 ab * 

18/16 0.10 a 0.06 a 0.10 a 0.08 b 

1/3 0.10 a 0.08 a 0.10 a 0.20 ab Y 

Average Total 0.1 ± 0.008 0.1 ± 0.008  0.08 ± 0.008 0.1 ± 0.008 # L 

 
Table 51. Average Na values (cmol+/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

Na 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 0.10 b  0.18 ab  0.12 a 0.10 a 

37/37-3 0.28 a 0.23 a 0.09 a & 0.06 a Y 

31/37-2 0.13 b 0.13 ab 0.13 a 0.10 a 

18/16 0.12 b 0.20 ab * 0.12 a 0.11 a Y 

1/3 0.11 b 0.10 b 0.17 a 0.05 a * 

Average Total 0.15 ± 0.013 0.17 ± 0.013 0.13 ± 0.013  0.08 ± 0.013 # L 

 
Table 52. Average Na values (cmol+/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Na 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 0.04 a  0.1 a 0.05 a 0.03 a Y 

37/37-3 0.1 a 0.1 a 0.03 a & 0.03 a Y 

31/37-2 0.05 a 0.1 a 0.03 a 0.01 a Y 

18/16 0.1 a 0.1 a 0.04 a & 0.05 a 

1/3 0.05 a 0.05 a 0.1 a 0.03 a 

Average Total 0.1 ± 0.01 0.1 ± 0.01 0.04 ± 0.004 U 0.03 ± 0.004 L 
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Table 53. Average Na values (cmol+/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.    
 

Na 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 0.04 ab 0.05 a  0.03 a 0.03 a 

37/37-3 0.1 a 0.05 a 0.04 a 0.01 a Y 

31/37-2 0.02 b 0.1 a * 0.03 a 0.03 a Y 

18/16 0.04 ab 0.03 a 0.03 a 0.03 a 

1/3 0.03 ab 0.03 a 0.05 a 0.01 a 

Average Total 0.04 ± 0.004 0.04 ± 0.004 0.03 ± 0.004 0.02 ± 0.004 L 

 
Table 54. Average Al values (mg/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Al 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 506 a  553 a  428 a  132 a * Y  

37/37-3 39 c 53 b 114 b 18 a 

31/37-2 175 bc 93 b 293 a 87 a * 

18/16 225 abc 141 b 94 b 36 a 

1/3 431 ab 518 a 319 a 21 a * Y 

Average Total 275 ± 33 272 ± 33 261 ± 17 58 ± 17 # L 

 
Table 55. Average Al values (mg/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   

 

Al 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 505 b  734 ab  453 b  383 a Y 

37/37-3 593 ab 533 b 535 b 265 a * 

31/37-2 435 b 536 b 581 b 385 a 

18/16 412 b 459 b 541 b 301 a * 

1/3 976 a 972 a 1,022 a 286 a * Y 

Average Total 584 ± 44 647 ± 44 627 ± 31 325 ± 32 # L 

 
Table 56. Average Al values (mg/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
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Al 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 321 b  462 a 335 a 308 b  

37/37-3 703 a 591 a 519 a & 682 a Y 

31/37-2 327 b 524 a 518 a& 759 a * 

18/16 323 b 454 a 381 a 337 b 

1/3 630 ab 517 a 565 a 409 b 

Average Total 461 ± 36 510 ± 36 464 ± 27 506 ± 28 

 
Table 57. Average Fe values (mg/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Fe 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 45 a  14 bc * 60 a  12 ab * 

37/37-3 8 c 8 c 40 a & 7 b * 

31/37-2 28 ab 23 abc 50 a 25 a * 

18/16 8 bc 29 ab * 12 b 10 ab Y 

1/3 38 a 53 a 78 a & 6 b * Y 

Average Total 25 ± 3 25 ± 3 49 ± 4 U 12 ± 4 # L 

 
Table 58. Average Fe values (mg/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Fe 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 13 bc  23 a 12 b  19 a 

37/37-3 68 a 30 a * 74 a 26 a * 

31/37-2 41 ab 53 a 50 a 47 a 

18/16 3 c 42 a * 6 b 17 a 

1/3 24 ab 54 a 79 a & 31 a * 

Average Total 30 ± 5 40 ± 5 44 ± 5 U 29 ± 5 

 
Table 59. Average Fe values (mg/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Fe 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 8 b  8 a 6 bc  7 c  
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37/37-3 26 a 9 a * 31 a 32 ab Y 

31/37-2 12 ab 25 a 21 a 57 a * Y 

18/16 2 b 19 a * 3 c 9 bc * 

1/3 4 ab 7 a 10 ab 33 ab * Y 

Average Total 11 ± 3 14 ± 3 14 ± 3 U 28 ± 3 # L 

  
Table 60. Average Mn values (mg/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Mn 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 275 ab  420 b  416 b & 287 b  

37/37-3 475 a 1032 a * 400 ab  114 bc * Y 

31/37-2 167 b 297 b 134 c 190 bc 

18/16 289 ab 313 b 1098 a & 1483 a Y 

1/3 344 ab 209 b 468 ab 84 c * Y 

Average Total 310 ± 36 454 ± 36 512 ± 53 U 397 ± 52 # L 

 
Table 61. Average Mn values (mg/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.    
 

Mn 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 39 ab  157 a  56 a  50 a 

37/37-3 22 b 79 a * 10 b & 87 a * 

31/37-2 5 c 19 b * 4 b 31 a * 

18/16 123 a 18 b * 212 a 138 a Y 

1/3 48 ab 20 ab 155 a 29 a 

Average Total 48 ± 17 59 ± 17 88 ± 19 64 ± 20 

 
Table 62. Average Mn values (mg/kg) in B horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Mn 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 10 ab  34 a  15 a  18 ab  

37/37-3 4 b 18 ab  * 3 b 69 a * 

31/37-2 1 c 6 bc * 1 c 10 ab * 

18/16 20 a 3 c * 36 a 11 ab * Y 

1/3 13 ab 6 bc 38 a & 4 b * 
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Average Total 10 ± 3 13 ± 3 19 ± 8 23 ± 8 

 
Table 63. Average Zn values (mg/kg) in O horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.    
 

Zn 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

O E509/509 9 b  15 a * 13 ab & 5 b * Y 

37/37-3 16 ab 13 a 29 a 0 c * Y 

31/37-2 15 ab 12 a 21 ab 7 ab * Y 

18/16 15 ab 25 a 13 b 13 a Y 

1/3 18 a 19 a 23 ab 0 c * Y 

Average Total 15 ± 1 17 ± 1 19 ± 1 U 5 ± 1 # L 

 
Table 64. Average Zn values (mg/kg) in A horizons for sites sampled in the Terrestrial Liming 
Project. See footnotes in Table 21 for letter and symbol descriptions.   
 

Zn 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

A E509/509 1.9 b  4.0 ab  2.1 b & 1.8 a Y 

37/37-3 4.2 ab 1.5 b * 2.1 b 2.0 a 

31/37-2 2.9 ab 2.5 ab 2.8 ab 2.7 a 

18/16 10.1 a 4.7 a 2.2 b & 1.6 a Y 

1/3 4.8 ab 6.0 a 6.3 a 2.9 a * Y 

Average Total 4.8 ± 0.82 3.8 ± 0.82 3.1 ± 0.36 U 2.2 ± 0.37 L 

 
Table 65. Average Zn values (mg/kg) in B horizons for sites sampled in the Terrestrial Liming Project. See 
footnotes in Table 21 for letter and symbol descriptions.   

 

Zn 2009 2019 

Horizon Paired Sites Treatments Treatments 

Unlimed To be Limed Unlimed Limed 

B E509/509 0.8 b  1.6 ab *  0.9 ab  0.9 ab  

37/37-3 0.5 b 0.6 b 1.3 a & 1.0 a 

31/37-2 1.1 ab 1.3 ab 1.0 ab 1.4 a 

18/16 1.3 ab 2.0 a 0.5 b & 0.3 b Y 

1/3 2.0 a 2.0 a 1.4 a 1.0 a Y 

Average Total 1.1 ± 0.14 1.5 ± 0.14 1.0 ± 0.09 1.0 ± 0.09 L 
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Appendix 2 – Examples of Soil Profiles in the MNF. 
 

 

Figure 26. Soil sampling pit profile of Site 37 (Unlimed) (Pit #5). 



95 
 

 

Figure 27. Soil sampling pit profile of Site 37-2 (Limed) (Pit #3). 
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Figure 28. Soil sampling pit profile of Site 37-3 (Limed) (Pit #1). 
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Figure 29. Soil sampling pit profile of Site 509 (Limed) (Pit #1). 



98 
 

 

Figure 30. Soil sampling pit profile of Site E509 (Unlimed) (Pit #5). 
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Figure 31. Soil sampling pit profile of Site 31 (Unlimed) (Pit #5). 
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Figure 32. Soil sampling pit profile of Site 1 (Unlimed) (Pit #4). 
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Figure 33. Soil sampling pit profile of Site 18 (Unlimed) (Pit #3). 
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Figure 34. Soil sampling pit profile of Site 3 (Limed) (Pit #1). 
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Figure 35. Soil sampling pit profile of Site 16 (Limed) (Pit #2). 
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Appendix 3 – Examples of Field Sheets for Soil Descriptions. 

 

Figure 36. Example of field notes from sampling. Site 37-2 (Page 1). 

 

Figure 37. Example of field notes from sampling. Site 37-2 (Page 2). 
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Appendix 4 – All data from the MNF Liming Study for the years 2009 

and 2019.  
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Figure 38. Spreadsheet of 2009 and 2019 Data (1/5) 
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Figure 39. Spreadsheet of 2009 and 2019 Data (2/5) 
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Figure 40. Spreadsheet of 2009 and 2019 Data (3/5) 



109 
 

 
Figure 41. Spreadsheet of 2009 and 2019 Data (4/5) 
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Figure 42. Spreadsheet of 2009 and 2019 Data (5/5) 
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Appendix 5 – Statistical Codes used for Analysis 
Table 66. Statistical codes for the analysis of this data. These were placed in the thesis at the 

request of Dr. Ida Holaskova. Similar analyses will be performed on data in subsequent 

samplings so reminders of how this was done will be critical in the future. 

SAS code 

/*Analyses I and II */ 

 

PROC SORT DATA=JF_MaineStackedAll; 

by Element Year Horizon; 

RUN; 

QUIT; 

 

/*Analyses I and II when site is random and across all horizons but for each 

Element and Year separately */ 

 

PROC MIXED DATA=JF_MaineStackedAll; 

Title "Ia. and IIa. ANOVA, Site (A, B, C, D, E) as random, almost as a 

randomized complete block with repeated measures; analysis of UNLIMED and 

LIMED sites across years"; 

By Element Year; 

CLASS FS_ID Block Unit_withinSite Site L_or_UL C_or_UC Year Sub_Plot; 

MODEL DATA =  L_or_UL; 

RANDOM Site; 

REPEATED YEAR / SUBJECT = Unit_withinSite;  

LSMEANS L_or_UL; 

RUN; 

QUIT; 

 

/*Analyses I and II when site is fixed and for each Element, Year and horizon 

separately*/ 

 

ODS output LSMLines = LSMLines; 

ODS output LSMEANS = LSMEANS; 

ODS output SliceDiffs = SliceDiffs; 

PROC glimmix DATA=JF_MaineStackedAll; 

Title "Ib. adn IIb. ANOVA, Site (A, B, C, D, E) as fixed,  analysis of 

UNLIMED and LIMED sites across years"; 

By Element Year Horizon; 

CLASS FS_ID Block Unit_withinSite Site L_or_UL C_or_UC Year Sub_Plot; 

MODEL DATA =  L_or_UL Site L_or_UL*Site; 

LSMEANS  L_or_UL*Site/ slice=L_or_UL slicediff=L_or_UL adjust=tukey lines ; 

RUN; 

QUIT; 

Proc print data= LSMLines;run;quit;  

Proc print data= LSMeans;run;quit; 

Proc print data= SliceDiffs;run;quit; 

 

 

ODS OUTPUT SliceLines=SignLetters; 

PROC glimmix DATA=JF_MaineStackedAll; 
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Title "Ib. adn IIb. ANOVA, Site (A, B, C, D, E) as fixed, analysis of UNLIMED 

and LIMED sites across years"; 

By Element Year Horizon; 

CLASS FS_ID Block Unit_withinSite Site L_or_UL C_or_UC Year Sub_Plot; 

MODEL DATA =  L_or_UL Site L_or_UL*Site; 

SLICE  L_or_UL*Site/ sliceby=L_or_UL  adjust=tukey lines ; 

RUN; 

QUIT; 

PROC PRINT Data=SignLetters; 

RUN; 

QUIT; 

 

 

 

/*Analyses III and IV*/ 

 

PROC SORT DATA=JF_MaineStackedAll; 

by Element L_or_UL; 

RUN; 

QUIT; 

 

/* Analyses III and IV a(site is random), b (site is fixed) across all 3 

horizons but for each element and liming group separately*/ 

 

ODS output Tests3 = Tests3_acrossHorizons; 

ODS output LSMeans = LSMeans_acrossHorizons; 

PROC MIXED DATA=JF_MaineStackedAll; 

Title "IIIa. and IVa._Across all horizons_ Repeated measures, Site as random; 

analysis of UNLIMED and LIMED sites across years"; 

By Element L_or_UL; 

CLASS FS_ID Block Unit_withinSite Site Year Sub_Plot Horizon; 

MODEL DATA = YEAR; 

RANDOM Site; 

REPEATED YEAR / SUBJECT = Unit_withinSite*Horizon*Sub_Plot; 

LSMEANS YEAR; 

RUN; 

QUIT; 

PROC PRINT data= Tests3_acrossHorizons;  

run; quit; 

PROC PRINT data=LSMeans_acrossHorizons; 

run; quit; 

 

 

/*Analyses III and IV when site is random, and for each Element, liming level 

and horizon separately*/ 

 

PROC SORT DATA=JF_MaineStackedAll; 

by Element L_or_UL Horizon; 

RUN; 

QUIT; 

 

ODS output Tests3 = Tests3_byHorizons; 

ODS output LSMeans = LSMeans_byHorizons; 

PROC MIXED DATA=JF_MaineStackedAll; 

Title "IIIa and IVa_Each horizon separately_ Repeated measures, Site as 

random; analysis of UNLIMED and LIMED sites across years"; 

By Element L_or_UL Horizon; 
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CLASS FS_ID Block Unit_withinSite Site Year Sub_Plot; 

MODEL DATA = YEAR; 

RANDOM Site; 

REPEATED YEAR / SUBJECT =  Unit_withinSite*Sub_Plot; 

LSMEANS YEAR; 

RUN; 

QUIT; 

PROC PRINT data= Tests3_byHorizons;  

run; quit; 

PROC PRINT data=LSMeans_byHorizons; 

 

 

/*Analyses III and IV when site is fixed, across all horizons, for each 

Element and liming level separately*/ 

 

ODS OUTPUT SliceLines=SignLetters_acrossHorizons; 

ODS output Tests3 = Tests3_acrossHorizons; 

PROC glimmix DATA=JF_MaineStackedAll; 

Title "IIIb. and IVb. Across all horizons ANOVA, Site (A, B, C, D, E) as 

fixed,  analysis of UNLIMED and LIMED sites across years"; 

By Element L_or_UL; 

CLASS FS_ID Block Unit_withinSite Year Sub_Plot Horizon; 

MODEL DATA =  Year Unit_withinSite Year*Unit_withinSite; 

RANDOM YEAR / SUBJECT = Unit_withinSite*Sub_Plot*Horizon; 

SLICE  Year*Unit_withinSite/ sliceby=Year  adjust=tukey lines ; 

SLICE  Year*Unit_withinSite/ sliceby=Unit_withinSite  adjust=tukey lines ; 

RUN; 

QUIT; 

Proc print data= Tests3_acrossHorizons; 

run;quit;  

Proc print data= SignLetters_acrossHorizons; 

run;quit;  

 

/*Analyses III and IV when site is fixed and for each Element, liming level 

and horizon separately*/ 

 

 

/*the following model with slices and significance letters took about 20 

minutes to run*/ 

 

ODS OUTPUT SliceLines=SignLetters_byhorizons; 

ODS output Tests3 = Tests3_byHorizons; 

PROC glimmix DATA=JF_MaineStackedAll; 

Title "linestable IIIb. and IVb_By horizons ANOVA, Site (A, B, C, D, E) as 

fixed,  analysis of UNLIMED and LIMED sites across years"; 

By Element L_or_UL Horizon; 

CLASS FS_ID Block Unit_withinSite Year Sub_Plot; 

MODEL DATA =  Year Unit_withinSite Year*Unit_withinSite; 

RANDOM YEAR / SUBJECT = Unit_withinSite*Sub_Plot; 

SLICE  Year*Unit_withinSite/ sliceby=Year  adjust=tukey lines ; 

SLICE  Year*Unit_withinSite/ sliceby=Unit_withinSite  adjust=tukey lines ; 

RUN; 

QUIT; 

Proc print data= Tests3_byHorizons;run;quit;  

Proc print data=  SignLetters_byhorizons;run;quit; 
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