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ABSTRACT 

Soil phosphorus (P) biogeochemistry is fundamental to how terrestrial ecosystems 

function and cycling of soil P can modulate P bioavailability as can human actions. The Calhoun 

Critical Zone Observatory is an ancient landscape that has a modern (1750-1950) history of 

forest clearing for agriculture that included P fertilization and severe surface erosion followed by 

reforestation. I hypothesized that historic P fertilization impacts current P biogeochemistry and 

that soil P supply for afforestation is buffered by fertilizer P. My investigations of P pool 

changes with topography and with agricultural land use found that historically farmed hillslopes 

have more extractable P relative to forests without farming down through 2m depth. Further, in 

toe slope locations, organic P (Po) is elevated compared to ridges. Phosphorus in soil solution 

and on ion exchange resins were higher in reference areas but were low in [P] similar to local 

streams. My analysis of soil P bioavailability under afforestation from 1957 to 2017, cataloged 

changes in 0-60 cm mineral soil P fractions in plots uncut since planting and plots cut in 2007. I 

found extractable P decreased in uncut and cut plots in 0-7.5 cm. Further, between 2005 to 2017 

the slowly cycling Po did not increase in the uncut plots but increased in 0-7.5 cm soil of cut 



 

plots. Changes in soil P fractions relative to tree P-demand suggest Ca-P and Po pools are 

supplying soil P. To investigate the effect of different land uses on P losses over time I combined 

multiple years of soil, soil solution, and stream water data from two small watersheds with the 

soil and water assessment tool (SWAT). I found annual total P loss under 100% agriculture was 

six times greater than under 100% forest cover while intermediate conditions were three times 

less than under agriculture. Further, the model predicted rates of soil P leaching that were 

consistent with the observed increases in extractable soil P. Simulation indicated high rainfall 

years or events (i.e., hurricanes) may have historically facilitated P movement. After 60+ years 

since agricultural abandonment the Calhoun Critical Zone Observatory retains a legacy on soil P 

biogeochemistry. 
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CHAPTER 1 

INTRODUCTION 

Soils are a key component of ecosystems. Studying soils and the associated nutrient cycling 

processes at and below Earth’s surface is a key purpose of the Critical Zone Observatory (CZO) 

network. Soil cycling of the essential and often co-limiting element phosphorus (P) is a critical 

attribute governing ecosystem structure and function. Phosphorus is the least available and least 

mobile of the plant macro-nutrients in most soil orders, and its form (e.g., organic or inorganic), 

and spatial distribution vertically and horizontally also affects ecosystem processes. The 

distribution and conversion of soil P is dynamic and driven by both biological and pedological 

pathways and is well suited to investigation under the CZO context. 

In this dissertation I focus on soil P dynamics as it relates to hillslope position, 

reforestation, and historical land use changes. The entirety of my research is undertaken in the 

Calhoun Experimental Forest that was established in 1947 in the Sumter National Forest in the 

Piedmont of South Carolina, USA and in 2015 became the Calhoun Critical Zone Observatory 

(Calhoun CZO).  The southern Piedmont is dominated by Ultisols derived from granitic gneiss. 

The Calhoun CZO area has a history of forest clearing and burning in the early 1800s, which 

initiated an era of soil degradation and increased erosion rates. Severe surface erosion (~17 cm) 

resulted from cotton, corn, wheat, and other crops that were cultivated from 1800 until the early 

twentieth century when many agricultural lands were abandoned. During cultivation some lands 

were fertilized with lime and P for crop production. After abandonment, some lands were 

converted to pasture and many others regenerated to forest. 
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My overall dissertation objective is to better quantify how soil P has been modified by a 

history of agricultural fertilizer P input, how this P is being redistributed across the landscape, and 

how P forms are changing in the soils.    

 In Chapter 2, I provide a brief introduction and literature review for a range of topics on 

soil P.  

In Chapter 3, I investigate the impact of long periods of land use changes within hillslope 

positions in watersheds of the Calhoun CZO. Soil P distribution was established using soil samples 

collected from three hillslope transects in three watersheds with a history of agricultural activity 

and compared to three hillslope transects one each from three areas where no farming use was 

evident. Soil solutions were collected over two years from four different hillslope positions 

through 60 cm from the hillslopes within these different land use histories to investigate how P 

moves in the watershed with and without historical cultivation. In addition, stream samples were 

collected from 17 different stream locations to measure the quantity of P in different stream orders.  

In Chapter 4, I focus on soil P distribution during 60 years of forest regeneration from 

seedling to mature trees when farmland was abandoned. To investigate how slow cycling soil P 

fractions support the labile pools after reforestation, soil samples were collected from within the 

Long-term Soil Experiment every 5-8 years from 16 permanent plots (half of them were cut in 

2007 and replanted in 2009) that had pine seedlings planted in 1957. These samples have been 

archived at the Nicholas School of the Environment and Earth Sciences, Duke University, 

Durham, NC. Different P pools were measured in four soil layers up to a depth of 60 cm with two 

different methods (Mehlich III and a modified Hedley fractions) to investigate how forest 

development has changed the different P pools. 



3 

 

In Chapter 5, I apply the SWAT model to enhance our understanding of P movement to 

stream waters or vertically through soils over the sweep of land use changes. The model was 

calibrated and validated with observed discharge and stream water P concentrations data from two 

watersheds within the Calhoun CZO.  Thereafter, I simulate six different land use scenarios that 

reflect land cover and use during different periods over the last 200 years. I also apply two rainfall 

rates to address how years of high rainfall or specific rainfall events (i.e., hurricanes) may have 

contributed to P movement.  

In Chapter 6, I summarize and highlight key findings from this research.  
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CHAPTER 2 

LITERATURE REVIEW 

Phosphorus is a critical element for plant and animal life on Earth (Alt et al., 2011). Thus, 

it is important to increase our knowledge about P sources and P distributions to secure the long-

term availability of P for all life on Earth.  

The main P pools are in the lithosphere and oceans with <1% of P being located in 

terrestrial ecosystems that includes: soil, plant biomass, water, and atmosphere (Stewart et al., 

2005). The major part of terrestrial P stores are in soil (100-3000 kg ha-1); although more than 90% 

of soil P is unavailable for immediate uptake by plants (Condron et al., 2005; Bünemann and 

Condron, 2007).  

1.2 Phosphorus biogeochemistry in the environment 

The primary P source on Earth is rock weathering processes during soil development. The 

primary minerals that contain substantial P content are calcium phosphate minerals, particularly, 

apatite [(Ca5(PO4)3OH); (Filippelli, 2002; Schlesinger and Bernhardt, 2013)]. Phosphorus is 

released from apatite due to reaction with dissolved carbon dioxide (CO2):   

 

Several processes in soil contribute to the release of P from apatite such as: 1) reduction of   

soil pH in the rhizosphere due to respiration and production of CO2 [e.g., (Schlesinger, 1997)];  2) 

release of organic acids from plant root, decomposing organic matter, and microorganism 

   Ca5(PO4)3 + 4CO2 + 3H2O                          5Ca2+ +3HPO4
2- +4HCO3

1- 
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metabolites (Deb and Datta, 1967; Antibus et al., 1981; Jurinak et al., 1986); and 3) reduction of 

iron III (Fe3+) to iron II (Fe2+) (Baldwin and Mitchell, 2000; Loeb et al., 2008). 

Plants are able to absorb inorganic P forms from soil and also microorganisms assist to 

mineralize organic P forms and release available inorganic P (McGill and Cole, 1981; Kroehler 

and Linkins, 1988). Plants recycle phosphorus and other nutrients to the soil through 

decomposition of dead plant parts including litterfall (Attiwill and Adams, 1993). A portion of 

available P moves from soil to stream with surface and lateral runoff. In addition, eroding soil 

plays a role in transporting soil P to streams and finally oceans (Filippelli, 2002). Phosphorus 

cycling and availability in soil are driven by both biological processes that govern organic P 

formation and geologic process that govern inorganic P release from primary minerals but also 

storage in secondary minerals (i.e., iron oxide adsorption). Soil order and stage of soil development 

are important factors for identifying the likely forms of P in soil, specially availability of P in soil 

(Sharpley et al., 1985; Cross and Schlesinger, 1995). 

1.3 Soil phosphorus availability over time  

Walker and Syers (1976) presented a model that described a pattern of soil P pools and 

availability as soil P content changes during ecosystem development (Fig. 2.1). According to their 

model, young soils are dominated by primary mineral P, intermediate soils have P equally 

distributed among primary mineral, secondary mineral, bioavailable P (labile P), and soil organic 

P, and old soils have lower amounts of P in the system and much of the remaining P is linked to 

insoluble or physically protected, non-labile (i.e., not biologically available) forms.  
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Figure 2.1. Changes in soil phosphorus (P) forms during soil development (Reproduced from 

Walker and Syers (1976)). 

 

Walker and Syers (1976) predicted that ecosystems composed of old and highly weathered 

soils would eventually reach a “terminal steady state”. In this case, little P would remain regularly 

available for biological uptake, ultimately leading to limited P for ecosystem development. A test 

of the Walker and Syers (1976) ecosystem development model over a four million year 

chronosequence in Hawaii showed that young soil had low P and nitrogen (N) but high available 

concentrations of cations like calcium (Ca2+) and potassium (K+). Intermediate developed soil had 

increased P and N availability, however, the available cations tended to decline. The oldest soil 

contained high N and low levels of P and cation availability (Chadwick et al., 1999). 

1.4 Soil phosphorus distribution  

Phosphorus in soil includes different inorganic and organic forms. Generally, P pools can 

be allocated to three major pools which are: labile, moderately labile, and non-labile (Stevenson 
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et al., 1999; Richter et al., 2006). The bioavailable P usually is a small pool (5-10 % of total P) in 

the soil, while the two other pools constitute a large part of total P in the soil. Bioavailable P pools 

are readily available for use by plants and microbes, or desorb to the soil compounds (Yang and 

Post, 2011). Moderately labile soil P buffers the bioavailable P because it can be changed to 

bioavailable P pools (Richter et al., 2006). The moderately labile P can also be adsorbed to soil 

particles and converted to non-labile forms. An example, based on the soil pH, would be how 

inorganic and organic P react with Ca2+, aluminum (Al3+), or Fe3+ forming insoluble oxides.  

The quantification of bioavailable P can be consistent over time because moderately labile 

pools can buffer this more labile fraction, even though P bioavailability depends on changing pH 

(Stevenson, 1999) and on P release from bound-P in the soil (Frizano et al., 2003). At the lower 

(3-5) or higher (7-8) pH ranges, the amount of available P changes rapidly and is linked with Ca 

or Mg in higher pH and with Al or Fe in lower pH acidic soils (Vu et al., 2008).  The soil pH 

usually is around 6 in cultivated lands due to the addition of lime for agriculture. Therefore, P is 

more available in farmland (Stevenson, 1999).  

The non-labile P forms can remain in the soil for years without converting to bioavailable 

P, because the non-labile organic P is resistant to mineralization while the inorganic forms of non-

labile P are insoluble. (Stevenson, 1999).  The transfer of P from primary minerals to the available 

forms for vegetation growth and soil biological cycling impacts the quantify of various P pools 

(Richter et al., 2006).  

1.5 Land use impacts on P distribution 

Land use induced gradients in nutrient availability may influence secondary succession, 

biomass production as well as response to emissions of pollutants such as N, acidifying substances, 

and greenhouse gases (Foster et al., 2003). Land use changes impact biological and geological 
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process and, in turn, soil composition (Franzluebbers et al., 2000; Bormann et al., 2007), soil 

nutrient cycling, and soil leaching losses (Celik, 2005; Liu et al., 2010). These processes combined 

effect soil phosphorus distribution (Cherubin et al., 2016; Maranguit et al., 2017). Generally, in 

unfertilized cropping systems, the total P concentrations decrease with soil age and organic P 

fractions are the major source for plant-available P (Schoenau et al., 1989; Beck and Sanchez, 

1996). In fertilized systems, labile and moderately labile forms of inorganic P fractions increase 

and fertilizer-P is slowly transformed into more strongly bound P forms whereas organic P 

concentrations remain unchanged (Beck and Sanchez, 1996; Friesen et al., 1997). 

The southeastern Piedmont landscape of the USA underwent 150 years of deforestation 

and crop cultivation before reforestation. Long-term intensive farming activities in this area caused 

severe surface erosion (~ 17 cm of soil eroded) between 1750 and 1950 (Metz, 1958; Richter and 

Markewitz, 2001). In addition, some areas were fertilized with lime and P for crop production over 

during 150 year period (Ruffin, 1852; Gray and Thompson, 1933). The combination of land use 

changes and intensive erosion in the Calhoun Experimental Forest that later became the Calhoun 

Critical Zone Observatory affords an ideal opportunity to evaluate P redistribution in response to 

land use changes.   
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CHAPTER 3 

THE ROLE OF HILSLOPE AND LAND USE HISTORY ON P DISTRIBUTION IN THE 

CRITICAL ZONE 1 
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Abstract 

Soil phosphorus (P) chemistry and plant availability change during ecosystem development 

and soil formation, transforming from primary minerals to various secondary organic and 

inorganic forms. These P transformations occur through both time and space as P is cycled into 

secondary compounds, and translocated downslopes and through the soil profile by erosion and 

leaching. Over decades, the slow cycling of organic and occluded P fractions can modulate soil P 

availability as can human interactions with the critical zone (e.g. through land use changes). The 

Calhoun Critical Zone Observatory (Calhoun CZO) is an ancient landscape (>2 million yrs of soil 

development) that has a modern (1750-1950) history of forest clearing and burning for agriculture 

that included P fertilization. Severe surface erosion (~17 cm of soil), along with cultural (i.e., 

slavery, share cropping, and tenant farming), and biological (i.e., the boll weevil) stressors led to 

large-scale agricultural abandonment and reforestation by the 1920s and 30s. This combination of 

processes makes Calhoun an ideal location to consider the hillslope and pedon scale redistribution 

of P in responses to human interaction with the critical zone. This chapter investigates different 

organic and inorganic P pools in three topographic positions in the Calhoun CZO forests, both 

with and without a history of agricultural land use and traces the flow paths of P from the ridges 

to the stream waters. We expected to detect greater total, bioavailable, and soil solution P 

concentration in the historically farmed hillslopes relative to those hillslopes that were never 

farmed. Further, we hypothesized that P would be greater downslope compared to ridge tops due 

to erosion and that subsoil (>1m) would be elevated in farmed hillslopes due to P leaching through 

the soil profile overtime. Finally, we expected to find more organic P (Po) in never cultivated forest. 

Results indicate that historically farmed hillslopes have increased Mehlich III extractable P relative 

to forests without farming and this increase (4.7±4.0 µg g-1) was evident through 2m on hillslope 
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ridges, suggesting some vertical leaching. In toe slope locations, HCO3
- and NaOH extractable Po 

are slightly elevated compared to ridges (15 vs. 20 µg g-1) reflecting downslope erosion of organic 

matter, although reference toe slopes are slightly greater than historically farmed toe slopes. 

Surface soil solution concentrations in lysimeters (15 and 60 cm) and on ion exchange resins (15 

cm) were both slightly higher in reference areas, counter to our hypothesis, and had increased 

concentrations in soils of toe slopes, perhaps reflecting enhanced cycling from Po. In contrast, the 

volume weighted mean concentration of 15 cm solutions under both land uses was the same in 

ridge locations (0.09 µmol L-1). Across the landscape, 1st to 3rd order streams were quite low in P 

(typically <1 µmol PO4
3-

i L
-1) with only local >5th order rivers in mixed use watersheds having 

higher average concentrations (~4 µmol PO4
3-

i L-1). After 60+ years since agricultural 

abandonment, inorganic soil P is still elevated on farmed ridges and extends through the top 2 m 

of soil. In toe slopes, organic P concentrations are slightly elevated in both land uses but in the 

reference forests, organic P and solution concentrations are greater than historically farmed forest.  

The Calhoun CZO retains a legacy of both inorganic P inputs, but also organic P loses. 
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1. Introduction 

  Soils are a key component of ecosystems. Studying soils and the associated nutrient cycling 

processes at and below Earth’s surface is a key purpose of the Critical Zone Observatory (CZO) 

network (Mao et al., 2018). Soil cycling of the essential and often co-limiting element phosphorus 

(P) is a critical attribute governing ecosystem structure and function (Bünemann et al., 2010). 

Phosphorus is the least available and least mobile of the plant macro-nutrients in most soil orders 

(Khan et al., 2007), and its form (e.g., organic or inorganic), and spatial distribution vertically and 

horizontally also affects ecosystem processes. The distribution and conversion of soil P is dynamic 

and driven by both biological and pedological pathways well suited to investigation under the CZO 

context. Here we present a framework for considering P distribution in the upper portion of the 

critical zone and then describe a case study in the Calhoun CZO in the Piedmont of the southeast 

USA. 

1.1  Effect of ecosystem development on P distribution 

An early soil P conceptual model described patterns of P pool transformations during 

ecosystem development (Walker and Syers, 1976). The model suggested that, early in soil 

development, the majority of P is found in primary minerals, such as apatite. Generally, P 

transforms from primary minerals to organic and occluded forms (e.g., adsorbed to clay surfaces 

or protected within aggregates) in late-weathering stage soils like Ultisols and Oxisols (Cross and 

Schlesinger, 1995). Over long time periods, P typically moves from mineral forms of P (i.e., 

apatite) towards organic (Po) and inorganic (Pi) with much of the P being occluded and not readily 

plant available. During pedogenesis, chemical weathering can release some P to solution where it 

can be taken up by plants and microbes, but P that is not captured by plants or microbial 

communities may leach to surface or ground water, or it may be adsorbed to secondary minerals 
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(Smeck, 1985). Strong binding of P with iron (Fe) and aluminum (Al) oxides accounts for much 

of the P weathered from primary minerals. In low pH forest soils, the binding of P with Fe/Al 

hydroxylated surfaces is favored (Sample et al., 1980; Delgado and Torrent, 2000), but the 

stability of these secondary mineral complexes are sensitive to soil pH and redox (reduction-

oxidation) state (Miller et al., 2001). Changing physiochemical conditions in soil due to hillslope 

position or land use change can release surface-bound P, thus leading to movement within the 

landscape and potential for leaching to groundwater or surface water (Kaňa and Kopáček, 2006). 

In general, these pathways of P transformation have been well correlated with the stage of soil 

development (Smeck, 1985) and are related to increasing plant P limitation (Chadwick et al., 

1999).  

In recent critical zone (CZ) research at the Calhoun CZO (Holbrook et al., 2019), these 

time dependent declines in total soil P have been demonstrated with depth (i.e., depth-time). In 

analyzing 37 m of CZ substrate in a single boring from granitic bedrock to saprolite to soil, total 

P declined from 0.173 mass % as P2O5 at 37 m to <0.03 mass % above 5 m. Earlier work had 

reported similar declines from rock at 0.049 mass % of P that decreased to ~ 0.02 mass % in 0.15-

0.35 m surface soil (Richter and Markewitz, 2001; Austin and Schroeder, 2017). The mineral 

percentage of apatite in the boring declined from 0.358 % at 37 m to undetectable above 11 m. 

This regional example provides support of mineral-bound P loss during soil development from 

bedrock to surficial soil layer. 

1.2  Effect of topography on P distribution 

Phosphorus translocation through the soil profile and across the hillslope can occur on 

pedologic timeframes (Smeck and Runge, 1971; Walker and Syers, 1976; Parton et al., 2005) and 

is reflected in different P concentrations in eluvial and illuvial soil horizons (Smeck and Runge, 
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1971). In sandy surface horizons, soil P concentrations can be quite low while in subsurface clay-

rich (Bt) or organic-rich (Bh) horizons P can accumulate. In addition, P translocation down the 

hillslope can occur along with both surface and subsurface water flow (Smeck and Runge, 1973). 

Phosphorus dissolved in water moves in the soil solution both horizontally and vertically. 

Precipitation that does not infiltrate but remains on the soil surface can move dissolved soil P from 

the ridge to the toe slope and eventually to the drainage outlet (Fig. 3.1; Daniel et al. (1994)). 

Along with vertical or horizontal P movement in solution, erosive forces can redistribute P 

in adsorbed forms. Topography is a critical factor that influences runoff, drainage, and soil erosion 

and ultimately impacts P distribution (Brubaker et al., 1993; Wang et al., 2001). In agricultural 

landscapes that are fertilized with P, downslope movement with sediment is commonly observed. 

Available P is affected by slope position, with the lowest P availability on the steepest slopes 

because of P removal by water flow and erosion (Dessalegn et al., 2014). Under severe soil erosion, 

parent material may be exposed and can contribute to increasing rates of rock weathering, thus 

releasing P into the soil (Vitousek et al., 2003; Bern et al., 2005). 

1.3 Effect of land use on P distribution 

Pedological and hillslope processes affecting P dynamics are also impacted by how land 

has been used through its history. This has been evident in the long-term elevation of soil P in sites 

that have been fertilized, even many years previously (Falkengren-Grerup et al., 2006; Richter et 

al., 2006; Campbell and Morris, 2018), as well as the transformation of P pools after forest clearing 

(Garcia-Montiel et al., 2000), and with continued management (Alt et al., 2011). Total P has been 

shown to increase in fertilized lands with Pi becoming the predominant source for plant available 

P as opposed to unfertilized lands where Po is often the major source of plant available P (Schoenau 

et al., 1989).  
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Soil P fractions, both with soil depth and across the landscape, can be evaluated over time 

to determine the influence of changes in land use practices on the distribution of soil P (Bowman 

and Cole, 1978; Cross and Schlesinger, 1995; Callaham et al., 2006; Negassa and Leinweber, 

2009; Cherubin et al., 2016). Forest clearing and farming in the Southeast US Piedmont, 

particularly on ridgetops, was a common practice from 1800-1950, but since that time much of the 

landscape has been reforested or converted to pasture. The conversion of vegetative cover and the 

change in land use has played a critical role in changing soil total phosphorus (Total P) as well as 

P forms (i.e., inorganic, organic, adsorbed) in these upland ecosystems (Richter and Markewitz, 

2001); impacts that are common in many ecosystems globally (Liu et al., 2006; Zhi-Yao et al., 

2006). For example, prior research across the Calhoun CZO (Richter and Markewitz, 2001), has 

compared soil P availability of unfarmed hardwood forest relative to regenerating but unmanaged 

pine in old agricultural fields, and managed pasture. This study demonstrated that acid extractable-

P (Mehlich III; Mehlich (1978)) concentrations were 2, 6, and 7 mg kg-1 in surface soil of 

hardwood, pine, and pasture, respectively (Table 3.1; (Richter and Markewitz, 2001). As such, P 

was elevated in the land uses that have an agricultural history (pine and pasture) in comparison to 

the unfarmed hardwood forests. 

 A similar comparison of native forest vegetation, pasture, and a crop-livestock system 

(CPS) in Brazil found the soil P stock in the topsoil of native forest vegetation (11.3 kg ha-1) to be 

significantly lower than in pasture soil (21.6 kg ha-1 (p < 0.01)) and CPS soil (30.06 kg ha-1 (p < 

0.01)) (Groppo et al., 2015). Phosphorus in other cropland surface soils studies have also increased 

relative to forests due to P fertilizer additions and the slow mobility of P (Costa et al., 2007; 

Pavinato et al., 2009; Messiga et al., 2010).  
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After forest clearing, burning, and conversion to pasture, pasture soil P concentrations can 

become elevated from the residual forest ash (Garcia-Montiel et al., 2000; Markewitz et al., 2004; 

Hamer et al., 2013), but without further inputs, Pi typically starts to decline after a few years. For 

example, in a pasture chronosequence in Brazil, HCO3+NaOH extractable Pi in the top 10 cm of 

soil initially increased from ~2.5 g m-2 under forest to ~5 g m-2 under 3-yr-old pasture but by age 

20, it had declined to ~3 g m-2. In another pasture chronosequence on Oxisols in Costa Rica, after 

an increase in HCO3+NaOH Pi from 54 µg g-1 under forest to 73 µg g-1 under 5-yr-old pasture, Pi 

declined to 59.4 µg g-1 by age 20 (Townsend et al., 2002).  

Finally, in a recent effort considering the length of time for P to re-equilibrate after 

agricultural inputs, Goyette et al. (2018) assessed 23 watersheds of the St. Lawrence Basin of 

Quebec, Canada. These watersheds accumulated P over a century of agriculture until peaking in 

1980. Despite reductions in P inputs thereafter, the study estimated a recovery to a baseline level 

of P leaching might require 100 to 6000 yrs (Goyette et al., 2018). The rate of recovery will depend 

on P sorption capacity of the soil as historical P fertilization could be release from the soil over 

decades.   

1.4 Topography and Land Use in the Calhoun CZO 

In spite of the many studies highlighted above, few represent the long sweep of forest 

recovery after agricultural abandonment present at the Calhoun CZO. However, previous efforts 

at the Calhoun CZO have not considered the watershed scale processes described above, including 

both P movement downslope with surface erosion or deeply into the soil profile.  Previous work 

investigating the ~200-year history of forest clearing, agricultural P fertilization, and forest 

regeneration in the Calhoun CZO focused on retention of P in surface soils and conversion of P 

fractions during forest regeneration (Richter and Markewitz, 2001; Richter et al., 2006). The 
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objective of this study is to evaluate P distribution in different hillslope positions of small 

watersheds that previously included agriculture and compare them with forested hillslopes that 

were never converted to farmland (i.e., reference hillslopes).  

We were particularly interested in assessing if 1) soil profiles in lower slope positions in 

hillslopes with an agricultural history would have more soil total P than ridgetop profiles due to 

down slope erosion or overland flow of P, particularly when compared to those lower slope profiles 

from reference hillslopes; 2) soil profiles on ridgetops from historically farmed hillslopes would 

have higher extractable P through 2 m due to slow vertical P leaching over six decades; 3) current 

soil solution P in lysimeters or ion exchange resins would be elevated in all hillslope positions 

under agricultural watersheds compared to reference; and 4) organic P fractions would 

demonstrate greater concentrations in reference areas due to the maintenance of some trees 

historically and thus deep roots, although we expected levels of the residual P (recalcitrant organic 

and mineral) fraction to be consistent across the land uses and hillslopes. 

 

2. Methods 

2.1 Study Site 

The Calhoun CZO is located in the Enoree Ranger District of the Sumter National Forest 

(34° 7' 55.36" N, 82°18' 36.17" W) in South Carolina (SC) managed by the US Department of 

Agriculture (USDA) Forest Service (Fig. 3.2). The mean annual temperature and precipitation of 

the Calhoun CZO is approximately 17°C and 1260 mm, respectively. Elevation is 120 to 180 m 

above sea level. The soils are mostly highly weathered, acidic Ultisols in ridge, mid, and toe 

hillslope positions. Inceptisols occur in relatively narrow floodplains in second or greater order 

streams (Richter et al., 2015). The Calhoun CZO area has a history of forest clearing and burning 
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in the early 1800s, which initiated an era of soil degradation and increased erosion rates. Severe 

surface erosion (~17 cm) resulted from cotton, corn, wheat, and other crops that were cultivated 

from 1800 until the early twentieth century when many agricultural lands were abandoned (Metz, 

1958; Richter and Markewitz, 2001). During cultivation some lands were fertilized with lime and 

P for crop production (Ruffin, 1852; Gray and Thompson, 1933). After abandonment, some lands 

were converted to pasture and many others regenerated to forest. Originally, much of the 

reforestation occurred naturally, while by the 1950s and 60s fields were being planted in pine 

(Richter and Markewitz, 2001; Richter et al., 2015). Based on the 1933 aerial photographs obtained 

from the Photographic Archive of the Calhoun Experimental Forest, the lands that were bare and 

clear-cut for agricultural activity can be readily identified (Fig. 3.3A). Areas of hardwood forests, 

which were likely never clear-cut for cultivation, are also visible in the same aerial photographs 

(Brecheisen, 2015). Further field investigation of these hardwood forests and use of high-

resolution LIDAR images of these areas both demonstrate a lack of erosion features. 

2.2 Sample collection 

 Soil samples were collected from three hillslope transects (ridge, mid, and toe) in three 

watersheds with a history of agricultural use (AGW; Fig. 3.3). These hillslopes were compared to 

a single hillslope transect collected in three reference parcels (REF; Fig. 3.3B). Given the extensive 

history of human occupation of this region, there are virtually no complete watersheds that have 

escaped some human activity, so the non-farmed hillslopes serve as our reference locations. Both 

the AGW and REF included samples at three hillslope positions: ridge, mid, and toe (Fig. 3.3). In 

both AGW and REF locations, the soil samples were collected at seven depths: 0-7.5, 7.5-15, 15-

35, 35-60, 60-100, 100-150, and 150-200 cm with a 6.5-cm diameter open-bucket hand auger. The 
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upper four depths were selected based on previous Calhoun CZO soil P research protocols (Richter 

et al., 2006). 

To measure the existing movement of P through soils, ceramic cup lysimeters were 

installed at two different depths (15 and 60 cm) adjacent to the position where soils were collected 

(Fig. 3.3). Lysimeters were installed using the method suggested by Artiola et al. (2004) in both 

AGW and REF locations at the three hillslope positions (ridge, mid, and toe). In the AGW 

watersheds an additional lysimeter was installed in the stream bank margin (Str. bank) at the base 

of the hillslope. In reference area REF2, an ephemeral stream was present in this zero-order 

watershed and lysimeters were installed nearby. In reference area REF3 there was a drainage 

channel at the base of the hillslope where stream bank lysimeters were installed, but this channel 

never carried surface water during the sampling period. Finally, the hillslope in reference area 

REF1 did not fully extend to a stream or channel so no additional lysimeters were installed. 

Solutions were removed from lysimeters every 10 to 20 days between January 2017 and December 

2018 for AGW while REF soil solutions were collected May 2017 to December 2018.  

Anion exchange resin capsules (Unibest, Walla Walla, WA.) were installed beside 

lysimeters at 15 cm depth in December 2016 to integrate P movement within the soil solution. Soil 

was removed with a punch-tube and resin placed at the base of the prior to returning the soil to 

cover the resin. At the time of each lysimeter solution collection, a set of resin capsules were 

collected and replaced such that each resin integrated P from the prior sampling time. Soil solution 

and resin capsules were carried on ice to the laboratory after collection, and all soil particles were 

removed by a deionized water wash. Surface water was collected from streams monthly from July 

2014 to July 2017 at seventeen different local creeks, streams, and large rivers (Figs. 3.3 and 3.4). 

Stream samples were kept on ice and transferred to the laboratory after collection.  
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2.3 Sample analyses 

Soils were air-dried and sieved through a 2 mm mesh screen. A moisture correction factor 

was determined after oven drying a 1-2 g subsample at 105˚C for 24 hrs. Soil pH was measured 

using pHH2O and pHCaCl2 (Peech, 1965; Gee and Or, 2002). Particle size distribution was determined 

through the hydrometer method (Gee and Or, 2002). Anion exchange capacity (AEC) and cation 

exchange capacity (CEC) were calculated from Cl and K content measured using ion 

chromatography (Thermo Dionex ICS-2100, Sunnyvale, CA) on soils extracted with 0.1 M KCl 

and 0.5 M NaNO3 (Sumner and Miller, 1996; Zelazny et al., 1996). Soils were extracted with 

Mehlich III solution to determine bioavailable soil P (Mehlich, 1978) via spectrophotometry 

(Spectronic Genesys 2, NY) and colorimetry (Murphy and Riley, 1962). Additionally, Mg, Ca, Al, 

and Fe were determined in the Mehlich III extraction by inductively coupled plasma-mass 

spectrometry (ICP-MS; Perkin Elmer ICPMS model Elan DRCII, Ontario, Canada). Total carbon 

(TC) and total nitrogen (TN) were measured using a Flash 2000 CN elemental analyzer (CE 

Elantech, Lakewood, NJ).  

Phosphorus pools were evaluated using soils collected from samples along a moderately 

(0-30 %) sloped transect from the AGW sites and all of the REF transects. The first P pool (the 

readily soluble and exchangeable Pi) was determined by anion exchange resin strips. To evaluate 

additional soil P pools, we followed Richter et al. (2006), which is based on the Tiessen and Moir 

(1993) modified, sequential fractionation method (Hedley et al., 1982). In summary, this method 

separated extractable P from 0.5M NaHCO3, 1 M NaOH, and 1M HCl to Pi and Po that are 

associated with surface charge, Fe/Al oxides, and Ca, respectively. Samples were then extracted 

with hot (80oC) concentrated hydrochloric acid (con. HCl). Finally, residual P and an independent 

total P sample were determined after a nitric acid and hydrogen peroxide digestion (Kimbrough 
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and Wakakuwa, 1989; Niederberger et al., 2015). The independent total P was compared to the 

sum of all pools in the sequential fractionation method. All P concentrations were determined via 

spectrophotometry, as above, using molybdate blue chemistry (Murphy and Riley, 1962). We 

occasionally group fractions as labile P (resin-P, 0.5 M NaHCO3-Pi and Po), moderately labile P 

(0.1 M NaOH-Pi and Po), and occluded P fractions (HCl-P and residual-P). 

Unfiltered lysimeter and stream samples were used to measure conductivity (Rhoades et 

al., 1996), pH (Page, 1982), and alkalinity to an end point pH of 4.2 with 0.01 N HCl (Jenkins, 

1982) on an auto-titrator (Mettler-Toledo, Columbus, OH). Thereafter, soil solution and stream 

samples were filtered within 24 hours of collection using a 0.40 µm polycarbonate filter and frozen. 

Thawed samples were measured for dissolved organic carbon (DOC) and TN (Shimadzu TOC-TN 

analyzer; Shimadzu Corp., Kyoto, Japan); anions (Cl-, NO2
-, SO4

2-, NO3
-, and PO4

3-) and cations 

(Na+, K+, Mg2+, and Ca2+) (Dionex ICS-2100 Ion Chromatograph); and Fe, Al, and Mn (Perkin 

Elmer Inductively Coupled Plasma-MS model Elan DRCII). Soil solution samples were digested 

using a persulfate oxidation reagent (Koroleff, 1983) to measure total P (reported as PO4
3-

T). To 

evaluate PO4
3-

T
 and inorganic-phosphate (PO4

3-
i), we again used standard Spectronic Genesys 2 

spectrophotometric chemistry [molybdate blue chemistry; (Murphy and Riley, 1962)]. 

Rinsed resin capsules were placed into centrifuge tubes and slowly shaken with 40 ml of 

2M HCl to extract P. Samples were pH adjusted to measured values of PO4
3-

T
 and PO4

3-
i
 were 

evaluated via spectrophotometry by using molybdate blue chemistry method (Murphy and Riley, 

1962). 

2.4 Data Analyses 

The main effects in the experimental design were land use (AGW vs REF) and hillslope 

position (ridge, mid, toe, and str. bank). Prior to analysis, data were investigated for normality and 
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equal variance. Data greater than three standard deviations from the mean (1-2% of total data) 

were considered outliers and removed. For soil profile data, depth was treated as a repeated 

measure in space to account for depth dependent autocorrelation. These data were analyzed using 

repeated measure ANOVA to determine how different soil P fractions varied with land use, 

hillslopes, and their interaction. For soil solutions and resins, samples were collected repeatedly in 

time, so a repeated measure ANOVA was used to account for temporal autocorrelation (AR1). 

Resins only had one depth for comparison, and lysimeters were evaluated by depth. In addition, 

correlation analyses between P pools with other elements in the soils were undertaken using all 

depths and profiles sampled. All statistical analysis for this project were implemented using R 

software v3.4.4 (R Development Team, 2018). 

 

3. Results 

3.1  Soil analyses 

Mehlich-III P concentrations generally decreased throughout the soil profile compared to 

total P, which remained relatively constant with depth (Fig. 3.5). The mean Mehlich III-P 

concentration was significantly (P<0.0001) greater in the AGW (4.72 µg g-1) than in the REF (3.56 

µg g-1) (Table 3.2). In contrast, total P was higher in the REF (P<0.0001; Table 3.2). Total P was 

significantly greater at the mid-slope (P= 0.026) with means of 193, 257, and 185 µg g-1 for the 

ridge, mid, and toe slope, respectively (Table 3.3). Analysis of land use by hillslope position 

showed Mehlich-III P concentrations across all hillslope positions under AGW were higher than 

the REF. The ridge in AGW was significantly higher than the ridge (P=0.00008) in REF with 

Mehlich III-P concentrations of 4.0 and 2.1 µg g-1, respectively (Table 3.4). In both hillslopes, 
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Mehlich-III P declined from ridge to toe (Table 3.3) but only the ridge of the REF was significant 

less than the toe of REF (P= 0.017).  

All six Pi and Po pools decreased with depth through the soil profile in both land uses and 

all hillslope positions (Fig. 3.6 and Table 3.5). The mean concentration of Resin-Pi in AGW was 

3.63 ug g-1, which was significantly higher (P<0.0001) than the 2.58 ug g-1 found in REF. In 

contrast, HCO3-Pi and NaOH-Pi were higher in REF compared with AGW (p-value of 0.03 and 

<0.0001, respectively). The Po extracted by NaOH was also higher in REF (P= 0.0198), while 

HCO3-Po did not differ between land use histories. The effect of land use on occluded-P (residual-

P and P extracted by con. HCl) was significant (P< 0.0001) with the largest difference being con. 

HCl-Pi in REF greater than AGW. Con. HCl-Po and residual-P were slightly greater in AGW. 

Fractions of Pi and Po (except con. HCl-Po) in the toe slope were generally greater than the ridge 

(Table 3.3). Hillslope position significantly affected the amounts of resin-Pi, HCO3-Po, NaOH-Po, 

1M HCl, and con. HCl-Po (Table 3.3); although the mean of con. HCl-Po decreased from ridge 

(2.27 µg g-1) to toe (0.06 µg g1). There was no significant interaction between land uses and 

hillslopes (Table 3.4).  

The effect of land use on several other soil characteristics (CEC, AEC, TC, TN, clay (%), 

Fe, Al, Ca, and Mg, and pH in 0.01 M CaCl2) was also significant (P<0.001; Table 3.6). TC, Mg, 

Al, clay percent, and CEC were greater in REF than AGW (Table 3.4A). AEC and Al tended to 

be lower in the toe slope; however, other response variables such as pHCaCl2, Fe, Ca, and TC tended 

to be higher in toe slope (Table 3.7). Generally, the average difference between pHH2O and pHCaCl2 

was 1.0 in both land uses and all hillslope positions through 2 m soil profile. The interaction of 

land use and hillslope position had a significant effect on Al (P< 0.001), Fe (P < 0.001), and clay 

% (p = 0.03; Table 3.8), although the interactions were idiosyncratic for each attribute. Total 
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carbon decreased throughout the soil profile within the three hillslope positions of both land uses 

as did TN, but other factors did not follow consistent patterns (Table 3.9).  

3.2 Soil solution analyses 

Soil solutions collected from both lysimeter depths contained greater concentration of 

PO4
3-

T
 in REF than AGW (Fig. 3.7). At a depth of 15 cm, the mean of the PO4

3-
T in REF soil 

solution (0.55 µmol L-1) was significantly greater (P <0.0001) than AGW (0.48 µmol L-1; Fig. 

3.7). In contrast, PO4
3-

i was the same concentration in AGW and REF (0.34 and 0.30 µmol L-1, 

respectively) at the same depth. At 60 cm, mean PO4
3-

T
 and PO4

3-
i of REF (0.64 and 0.41 µmol L-

1, respectively) were both significantly greater (P =0.0002) than AGW (0.2 and 0.1 µmol L-1; Fig. 

3.7B). In general, PO4
3-

T
 concentration in soil solutions tended to increase from ridge to str. bank 

in both REF and AGW with some differences being significant (e.g., REF str. bank exceeds ridge, 

mid, and toe at 60 cm; P=0.0145, <0.0001, and <0.001, respectively). In the AGW, approximately 

43-51% of PO4
3-

T
 was PO4

3-
i with the remaining percentage (49-57%) present as organic-PO4

3- 

(PO4
3-

o) across the different hillslope positions at 15 and 60 cm (Fig. 3.8). In REF the proportion 

of PO4
3-

o was a bit more variable but exceeded 60% at the toe slopes at 15 cm and at ridge for 60 

cm (Fig. 3.8).  

Land use and hillslope both significantly affected DOC (P<0.0001) at 15 and 60 cm. The 

average DOC concentration at 15 cm in AGW and REF were 10.97 and 9.95 mg L-1, respectively. 

At 60 cm, DOC in AGW and REF were 9.44 and 3.84 mg L-1, respectively. The interaction 

between land use and hillslope indicated that DOC on the ridge of AGW was significantly less 

(P<0.0001) than REF at 15 cm; however, DOC in toe of AGW was significantly higher than toe 

for REF at 15 cm (p <0.0001; Fig. 3.9A). In general, the concentration of DOC increased down 

the hillslope in both land uses at 60 cm (Fig. 3.9B); although, it did not follow the same pattern at 
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15 cm. The mean DOC concentration increased in the order 6.68, 6.61, 6.83, and 10.34 mg L-1 for 

ridge, mid, toe, and str. bank, respectively, at 60 cm. DOC concentrations were not significantly 

correlated to Po. 

3.2 Resin capsule phosphorus  

The average concentration of PO4
3-

i recovered from ion exchange resins in the REF 

hillslopes (2.19 µmol L-1 or 8.32 µg g-1 of resin) was significantly greater (P < 0.0001) than AGW 

(1.33 µmol L-1 or 5.03 µg g-1 of resin) and increased from ridge to Str. bank in both REF and AGW 

with hillslope position being significant (P=0.0027; Fig. 3.10). Across both land uses, mean PO4
3-

i
 concentration significantly increased along the gradient - from ridge and mid to toe and str. bank 

(P= 0.0022, 0.0001, 0.0002, and <0.0001, respectively), while increases were only significant in 

REF from ridge to str. bank (3.48 µg g-1 of resin to 12.61 µg g-1 of resin ).  

3.3 Stream analyses 

The average of PO4
3-

i in 1st order streams of AGW and one REF location (mid-elevation; 

based on the DEM map) increased from August to November of each year and then generally 

declined during the winter and spring seasons (Fig. 3.11). The concentration of PO4
3-

i in these 1st 

order streams did not differ by land use and averaged 0.68 µmol L-1 (Fig. 3.12). Streams in slightly 

higher landscape positions (high-elevation) that were also 1st order as well as those slightly lower 

(low-elevation) and larger (2-3rd order) both had similar concentrations 0.74 and 0.75 µmol L-1, 

respectively (Fig. 3.12). For comparison, the largest local rivers (Enoree and Tyger, 5-6th order) 

had higher average PO4
3-

i concentrations of 1.97 µmol L-1 (Fig. 3.12).  
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4. Discussion 

We investigated soil and soil solution P concentration to reveal how land use history and 

hillslope position have impacted P distribution in the Calhoun CZO six decades after agricultural 

abandonment. Historical agricultural activity has influenced soil P distribution in the Calhoun CZO 

through additions of lime and fertilizer as well as through the erosion associated with clearing, 

farming, and farm abandonment. We hypothesized that this would increase P concentrations in 

lower slopes of the AGW due to erosion and overland flow; that vertical leaching in ridge locations 

would result in higher P concentrations through 2 m in AGW vs REF; that P in surface soils (<60 

cm) would still be more actively cycling (i.e., increased lysimeter and resin concentrations) under 

AGW; and that there is a historical legacy of farming evident through a decline in organic P 

fractions, potentially due to the loss of surface soil C and deep rooting.  

4.1 Hillslope effects 

According to the conventional hillslope model [Fig. 1; (Daniel et al., 1994)], we 

hypothesized that soil P concentration in AGW toe slope positions would be greater than ridge top 

soils; and also the AGW toe slope would be higher than the REF toe slope. The comparison of 

bioavailable P in different hillslope positions (ridge, mid, and toe) did not reveal an increase in 

inorganic Pi (Mehlich III, HCO3, NaOH) but did demonstrate that Po fractions (HCO3, NaOH) 

increased from ridge to toe slope (Fig. 3.6 and Table 3.3). Further, we did not find any significant 

difference in the toe slope soil P concentration between AGW and REF. Increasing P in the toe 

slope was expected to result from historical erosion of the land that moved the surface layer of the 

soil from ridge to lower slope, especially in AGW. A previous study within the same AGW and 

REF locations indicated the depth to clay in the toe slope of AGW was 40 cm greater than the toe 

of REF, presumably from this downslope erosion and deposition on top of the argillic horizon in 
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AGW (Ryland, 2017). The lack of an increase in Pi from eroded surface soil may reflect other 

factors such as clay content, pH, or Ca concentration. Lower clay percentages in toe slope positions 

may limit P bonding with Fe/Al (hydr)oxide (Table 3.8). The higher Ca concentration and higher 

pH in the toe slopes could favor P solubilization and leaching (Table 3.7 and 3.8) which could also 

impact on total P concentration in lower slope. Flood plain legacy sediment evaluated in a 3rd order 

stream in the same research area did not show any elevation from legacy Pi input (Wade et al., in 

press). 

The increasing Po fractions (extracted with HCO3 and NaOH) from the ridge to the toe 

slope position (Fig. 3.7 and Table 3.2B) have a strong positive correlation with TC (R2 > 0.67) as 

TC content (Table 3.6 and 3.7) also generally increased from ridge to toe slope, which has been 

predicted in this erosive landscape (Dialynas et al., 2016). The higher DOC in soil solution at the 

toe slope of AGW (18.4 mg L-1; volumetric weighted mean) relative to the AGW ridge (4 mg L-1; 

volumetric weighted mean) also could reflect the higher amount of surficial horizon accumulating 

downslope in AGW. Previous studies in other locations have also found that organic matter tends 

to accumulate in these middle and toe slope positions (Tiessen et al., 1994; Araújo et al., 2004), 

although in those studies both labile and moderately labile P (Pi and Po) increased from ridge to 

the lower slope positions whereas here we see an increase only for Po. A watershed scale 

biogeochemistry model for the Calhoun CZO indicated the long-term persistence of soil organic 

carbon (SOC) after erosion to lower slopes (Dialynas et al., 2016), which is consistent with our 

finding of increased downslope Po. As noted above, other soil factors such as Ca, clay content, and 

pH could reduce the persistence of Pi in the lower slope.   
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4.2 Land use history effects 

Because of past agricultural activity in the Calhoun CZO, we expected that the extractable 

P in ridgetop soil profiles from AGW would have a higher amount of available P relative to REF 

where there was no farming activity. When summed over the top 2 m of the soil profile, using an 

average bulk density of ~1.4 g cm-3 (Richter and Markewitz, 2001; Richter et al., 2006),  

bioavailable P was 34 kg ha-1 higher in AGW than REF even after seven decades (Fig. 3.5 and 

Table 3.2). This higher bioavailable P in AGW is presumed to be the result of agricultural 

amendments, although quantitative input rates are unknown for the 150 years of agricultural 

activity. Exchangeable Ca in the AGW also exceed REF by 1687 (±377) kg ha-1 over the top 2 m, 

suggesting some liming inputs persist despite not receiving any additional lime after reforestation 

in the 1950s (Table 3.2). Soil pH also remains elevated in AGW compared to REF, which may 

contribute to higher P availability [Table 3.2; (Stevenson et al., 1999)]. Other researchers have 

similarly found P fertilization, particularly in highly weathered soils, increases Pi in labile and 

moderately labile fractions (Cross and Schlesinger, 1995; Lilienfein et al., 2000; Tchienkoua and 

Zech, 2003).  

 In contrast to bioavailable P and fertilizer inputs, total P concentration in AGW (5268 

±1982 kg ha-1) were significantly less than in REF [(6487 ±2168 kg ha-1); Fig. 3.5 and Table 3.2] 

over the top 2m. The soil erosion that followed the forest clearing and agriculture activity in the 

AGW included loss of soil to stream drainages, which may account for some loss of total P in 

AGW as well as the decreased total P in the toe slope. Dialynas et al. (2016) estimates that 

approximately 32% of the native SOC eroded from the AGW to the river floodplains, in line with 

similar evidence of clay loss to streams and rivers (Jackson et al., 2005). Both the loss of organic 
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matter with its associated Po and clay with its associated Fe and Al bound Pi or Po could reduce 

total P in AGW relative to the REF.  

Beyond the ecosystem loss of total P, reforestation might redistribute P from soil to plant 

biomass (Richter et al., 2006). Tree regrowth on the farmed ridges of the Calhoun CZO may have 

removed more P from soil in comparison with trees of REF that never achieved a bare soil 

condition. A mass balance on P in revegetating old-fields in the Calhoun CZO found vegetation 

(i.e., loblolly pine (Pinus taeda L.)) removed 39.4 kg ha-1 of P from the 0-60 cm soil during 28 

years of forest growth from seedlings while total P removed from soil to vegetation and re-

accumulating forest floor accounted for 82.5 kg ha-1 over 28 years of forest growth (Richter et al., 

2006). As such, summing through the upper 60 cm (as opposed to 2 m), the total P in the AGW 

ridge was 124 ± 316 kg ha-1 less than the REF ridge , indicating   forest regrowth (i.e., 82.5 kg ha-

1) plus some erosion losses could account for the depletion of total P in AGW, the ridge top 

locations.  

4.2.1 Land Use on Vertical Leaching and P in Solution 

Given the recognized increase in bioavailable P in former fertilized soils as measured 

previously in 0-60 cm soil (Richter et al., 2006) and quantified again here, we were specifically 

interested in identifying P movement vertically in the soil profile. Phosphorus mobility in soil 

profiles is generally recognized as being slow (Cooke and Williams, 1973), but we hypothesized 

that due to P leaching slowly over seven decades the soil profile in the ridge position under AGW 

would have more extractable P through the entire top 2 m. We did find a greater concentration of 

extractable P (Mehlich III) throughout the 2 m profile (Figure 3.5) for the AGW relative to REF 

sites. The bioavailable P (i.e., resin + HCO3-Pi) in ridge topsoil profiles under AGW was 111 (±61) 

kg ha-1 while the same extractable P at ridge top of REF was 58 (±58) kg ha-1 through 0-2 m (Fig. 
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3.6 and Table 3.4). These data suggest ridge top under AGW has experienced vertical leaching of 

P.  

It is recognized that adding P fertilizer to the soil surface, particularly over long periods, 

causes gradual P leaching through the soil profile (Cooke and Williams, 1973). Previous studies 

on P fertilization to farmland or pasture over 20-100 years demonstrated movement of soluble P 

through 0.5-0.6 m of the soil profile. Movement through these deep well drained sandy and coarse 

loamy soils in Woburn, UK was in part dependent upon the specific soil structure and texture 

(Bolton and Coulter, 1965; Cooke and Williams, 1973).  Another  study in farm land of Nebraska, 

showed when land was fertilized with 80 kg P ha-1 y-1 over 40 years, around 6% of  P inputs 

accumulated in the clay horizon (0.45 m) over time (Eghball et al., 1996). In soils rich in iron-

oxide coated clays, P fixation strongly limits P leaching (Fox and Kamprath, 1970), so in the clay-

rich Ultisols of the Calhoun CZO it is unexpected to find the same amount of P leach through 2 m.  

Our lysimeter data in the upper 15 and 60 cm of the profile indicates a present concentration 

of soil solution P of 0.16-0.7 µmol L-1 in AGW. These values are similar to forest soil solutions 

concentrations of P (0.21-0.4 µmol L-1) measured at 60 cm in coniferous forests of Washington 

(Ugolini et al., 1977). In contrast, when applying poultry litter for fertilization to pastures in the 

southeastern US Piedmont, soluble P concentrations can range up to 10.5 – 52.5 µmol L-1  in 

surface and subsurface runoff (Vervoort et al., 1998). In other locations, P leaching under fertilized 

grass land of Devon, UK with sandy loam to silt loam surface textures had a range of total 

dissolved P of 1.7- 5.2 µmol L-1 (Turner and Haygarth, 1999). Models of P leaching in sandy soils 

of the Netherlands also suggest that phosphate leaching in agricultural soil could vary from 4-5 

µmol L-1 when the water-soluble soil P concentration is 17‐23 µg g‐1 or up to 16-21 µmol L-1 if 

water-soluble soil P is 43-57 µg g -1 (Schoumans and Groenendijk, 2000). In the Calhoun CZO 
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water extractable resin P in AGW ridge locations is <2 µg g-1 (Tables 3.3 and 3.4) so according to 

this framework mobile P should be ~0.4-0.5 µmol L-1 in solution. These leaching rates may be 

relevant to sandy A and E horizons for un-eroded ridge tops in the Calhoun region but are likely 

high for clay rich Bt horizons throughout the landscape. Overall, the current soil solution 

concentrations (and first order stream waters) in the Calhoun CZO suggest that limited P is 

leaching after 70 years of reforestation but is likely less compared to conditions during cultivation 

and amendment applications.  

The historical agricultural legacy of elevated bioavailable P led us to expect that vertical 

leaching and biogeochemical cycling of P in solutions (lysimeters and resins) would result in 

elevated concentrations under AGW compared to REF. In contrast with our hypothesis, the volume 

weighted total P concentration in 15 and 60 cm lysimeters, when averaged across all hillslope 

positions, was less under AGW than REF (Figs. 3.7 and 3.9). On the other hand, PO4
3-

i was a 

greater percent of PO4
3-

T in the AGW ridge compared with REF that could be related to historical 

fertilization and higher bioavailable Pi. Multiple soil factors may influence concentrations of 

water-soluble P in soil during reforestation. For example, higher clay percentages at the soil 

surface after erosion, often observed in slopes under AGW, may increase the bonding of P with 

Fe/Al oxide and decrease the release of P to soil solution. Similarly, higher AEC, as observed in 

AGW, may facilitate greater P sorption on the soil surface removing P from solution (Table 3.4A). 

Finally, SOC can compete with P for surface absorption sites, which could release more P into soil 

solution. The mean TC concentration under AGW (~6400 ug g-1) was slightly less than REF 

(~8000 ug g-1) as was the total content of carbon (41020 ±55651 kg ha-1 greater in REF than AGW; 

Table 3.9). This lower SOM in AGW soil (0-60 cm) may also reduce current amounts of P in soil 

solution as observations have shown that higher organic acid concentrations increase P availability 
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in soil by competing for clay surface charge (Redel et al., 2007; Zamuner et al., 2008). Soil solution 

and resin P are only one component of the P cycle (i.e., biomass and microbial uptake, 

decomposition) and alone cannot conclusively explain why the current soil P in solution in AGW 

is less than REF overall but this was not our expectation.  

4.2.2 Effects of land use history on P fractions 

We hypothesized that the organic P fractions in undisturbed land (REF) would be greater 

than under disturbed land (AGW) due to a legacy of agricultural activity that resulted in OM and 

deep root loss. The organic forms of P (NaOH Po) in REF were 51 (±130) kg ha-1 greater than 

AGW (Table 3.2). Previous research has demonstrated a positive correlation between TC and Po 

in the soil (Turner et al., 2007), and here we find a strong correlation between Po and TC (R2 > 

0.67). The loss of OM during forest conversion to agriculture has been demonstrated in the 

Calhoun CZO (Richter et al., 1994) and elsewhere to have losses of 20-50% in the upper 30 cm 

layer (Davidson and Ackerman, 1993; Bruce et al., 1999; Celik, 2005). More recent results from 

the Calhoun CZO, however, indicate that impacts from these losses still persist after 70 years of 

reforestation. For example, extractable organic C quantity under undisturbed land (i.e., hardwood 

forests similar to REF) was 8.8 times greater than under reforesting disturbed lands (i.e., secondary 

forests similar to AGW) throughout the upper 0.5 m of soil (Billings et al., 2018). Similarly, root 

density under the reference condition (e.g., similar to our REF) was around double that under the 

reforesting condition (e.g., AGW) at 70 cm (Billings et al., 2018). The greater root density and 

organic carbon abundance in REF compared to AGW is consistent with our expectation and 

observation of higher Po under lands never converted to agriculture. 
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5. Conclusions 

At the Calhoun CZO, after a history of agricultural land clearing including P fertilization 

and erosion, and approximately seven decades of reforestation a legacy on P biogeochemistry is 

evident but nuanced.  For example, despite strong evidence of historical downslope erosion we 

found limited accumulation of soil P in lower hillslope positions in watersheds with an agricultural 

history suggesting soil P was partially washed away and leached to streams. In contrast, in ridge 

tops that were farmed longest, higher extractable P through 2 m soil profiles was evident compared 

to reference ridges reflecting P inputs and vertical leaching of P over several decades.  Despite this 

greater extractable P, however, soil solution P and ion exchange resin P in agricultural hillslopes 

was low compared to reference hillslopes. Greater P cycling in reference sites could reflect the 

slightly greater organic P in these undisturbed hillslopes that was expected given no loss of organic 

carbon due to clearing and a long history of deep rooting compared to agricultural sites. Overall, 

these biogeochemical P patterns show that in this critical zone depleted of P due to millennia of 

geological weathering that anthropogenic influences including P (and Ca) additions are still 

evident. These influences, however, are most apparent on ridge tops and despite these legacies 

overall P concentrations in soils, soil solutions, and streams are low.  Thus, the Calhoun CZO 

continues to develop in response to past and current human actions, and understanding those 

responses is important to sustaining CZ functions.    
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Table 3.1. Soil extractable phosphorus concentration in the upper soil profile of three different 

land uses in the Calhoun Critical Zone Observatory (Richter and Markewitz, 2001). 

 Hardwood Pine Pasture 

Depth (cm) Mean (µg g-1) SE Mean (µg g-1) SE Mean (µg g-1) SE 

0-30 1.80 0.37 5.60 2.50 6.27 1.65 

30-60 0.40 0.18 0.09 0.02 0.70 0.50 

60-100 0.19 0.03 0.18 0.06 0.16 0.04 
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Table 3.2.  The effect of land use on phosphorus (P) fraction concentrations across all 

depths and hillslope positions. (n= number of samples, SE= standard error, AGW= 

watersheds with a history of agricultural use, REF= reference hillslope with no 

agricultural history). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

P-fractions 
AGW 

  
REF 

 

n Mean  SE  
 

n Mean  SE   
 

  µg g-1 µg g-1 
 

 µg g-1 µg g-1   

Mehlich III-P 174 4.72 0.31 
 

63 3.56 0.49  <0.0001 

Resin-Pi 56 3.63 0.41 
 

62 2.58 0.30  <0.0001 

HCO3-Pi 58 1.62 0.28 
 

62 2.08 0.29  0.0300 

HCO3-Po 58 3.03 0.52 
 

62 3.04 0.53  0.1660 

NaOH-Pi 58 9.70 0.96 
 

62 13.9 1.15  <0.0001 

NaOH-Po 58 15.3 2.08 
 

61 17.2 2.62  0.0198 

1MHCl-Pi 57 2.00 0.29 
 

61 2.54 0.35  0.0018 

Con. HCl-Pi 58 46.8 5.40 
 

61 71.4 5.02  <0.0001 

Con-HCl-Po 57 0.96 0.21 
 

60 0.54 0.16  <0.0001 

Residual-P 57 114 7.69 
 

63 111 4.77  <0.0001 

Total-P 56 188 9.46 
 

63 232 9.75  <0.0001 

p-value 
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Table 3.3. The effect of hillslope position on phosphorus (P) fraction concentrations across all depths and 

land uses, (n= number of samples, SE= standard error). 

P-fractions  
Ridge 

 
Mid 

 
Toe 

p-value 
n Mean SE   n Mean  SE   n Mean  SE  

  µg g-1 µg g-1  
 µg g-1 µg g-1  

 µg g-1 µg g-1  

Mehlich III-P 80 3.47 0.26 
 

76 4.53 0.50 
 

81 5.23 0.55 0.9730 

Resin-Pi 40 1.40 0.26 
 

38 4.92 0.50 
 

40 3.01 0.36 <0.0001 

HCO3-Pi 40 1.20 0.19 
 

40 2.09 0.35 
 

40 2.32 0.43 0.4705 

HCO3-Po 40 3.40 0.63 
 

39 2.09 0.51 
 

41 3.59 0.75 <0.0001 

NaOH-Pi 40 9.15 0.63 
 

40 11.2 0.90 
 

40 15.2 1.95 0.4214 

NaOH-Po 40 15.2 1.93 
 

39 12.8 2.27 
 

40 20.7 3.98 0.0014 

1MHCl-Pi 40 0.90 0.11 
 

38 2.57 0.39 
 

40 3.35 0.48 <0.0001 

Con-HCl-Pi 38 57.9 7.11 
 

40 58.1 6.36 
 

41 62.0 6.64 0.9685 

Con-HCl-Po 36 2.27 0.30 
 

40 0.07 0.01 
 

41 0.06 0.01 <0.0001 

Residual-P 40 101 5.36 
 

39 149 8.30 
 

41 88.6 5.54 0.0006 

Total-P 40 194 9.94 
 

38 258 11.3 
 

41 185 12.3 0.0258 
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Table 3.4. The phosphorus (P) fraction concentrations by land uses and hillslope position across all depths (n=number of samples, SE= 

standard error, AGW=watersheds with a history of agricultural use, REF=reference hillslope with no agricultural history). 

Fractions  

AGW: Ridge AGW: Mid AGW: Toe REF: Ridge REF: Mid REF: Toe   

n Mean SE  n Mean  SE  n Mean  SE  n Mean SE  n Mean  SE n Mean  SE  
p-value 

Mean and SE in µg g-1 

Mehlich III-P 59 3.97 0.29 55 4.80 0.62 60 5.37 0.63 21 2.06 0.45 21 3.77 0.76 21 4.84 1.12 0.005 

Resin-Pi 19 1.65 0.43 17 5.61 0.80 20 3.84 0.61 21 1.19 0.31 21 4.37 0.61 20 2.18 0.30 0.573 

HCO3-Pi 19 1.14 0.30 19 1.53 0.35 20 2.16 0.67 21 1.19 0.26 21 2.59 0.57 20 2.47 0.57 0.339 

HCO3-Po 19 3.37 0.90 19 2.03 0.75 20 3.66 1.04 21 3.41 0.91 20 2.14 0.72 21 3.53 1.10 0.173 

NaOH-Pi 19 7.94 0.64 19 8.39 0.96 20 12.6 2.48 21 10.2 1.02 21 13.7 1.26 20 17.9 2.95 0.482 

NaOH-Po 19 17.9 3.10 19 10.7 3.09 20 17.3 4.33 21 12.7 2.33 20 14.7 3.32 20 24.2 6.72 0.146 

1MHCl-Pi 19 0.88 0.17 19 1.96 0.34 19 3.15 0.71 21 0.98 0.16 19 3.18 0.69 21 3.52 0.68 0.430 

Con-HCl-Pi 19 45.6 9.86 19 49.6 10.6 20 45.2 8.03 19 70.3 9.69 21 65.8 7.21 21 78.0 9.35 0.961 

Con-HCl-Po 18 2.86 0.41 19 0.10 0.02 20 0.07 0.02 18 1.68 0.42 21 0.05 0.02 21 0.06 0.02 0.098 

Residual-P 19 98.6 9.26 18 156 15.7 20 91.3 9.82 21 104 6.03 21 143 7.68 21 86.0 5.64 0.907 

Total-P 19 171 12.7 17 225 18.5 20 174 15.8 21 214 13.8 21 284 11.1 21 197 18.9 0.613 
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Table 3.5. The concentrations of Phosphorus fractionations in two land uses ordered by soil depth and hillslopes. SE= standard 

error, AGW= watersheds with a history of agricultural use, REF= reference hillslope with no agricultural history. 

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

0-7.5 5.62 0.29 3.82 0.33 10.50 1.36 8.61 0.75 39.6 5.19 2.11 0.26 20.8 3.60 4.92 1.11 73.4 2.10 179 27.6

7.5-15 1.79 0.18 1.51 0.24 5.33 0.78 7.05 0.69 18.5 3.20 0.77 0.10 20.9 3.07 2.44 0.01 90.4 12.6 155 13.8

15-35 0.77 0.08 0.71 0.11 3.41 0.40 8.53 1.51 22.7 3.09 0.67 0.12 36.4 10.6 1.78 0.07 118 18.1 179 19.8

35-60 0.96 0.07 0.55 0.13 0.48 0.15 8.11 1.50 5.73 0.95 0.56 0.22 49.4 19.3 1.37 0.79 107 14.7 162 18.2

60-100 0.81 0.25 0.33 0.10 1.02 0.17 5.70 1.58 7.90 3.72 0.83 0.42 54.1 22.7 3.20 0.14 81.6 11.7 157 15.6

100-150 0.23 0.00 0.23 0.00 0.26 0.10 9.80 1.12 16.4 6.63 0.58 0.05 84.9 30.6 2.48 0.35 109 30.3 211 27.9

150-200 0.56 0.14 0.23 0.00 0.58 0.31 8.60 1.37 11.8 3.00 0.33 0.11 81.5 34.0 1.91 0.17 122 42.5 162 67.8

0-7.5 5.67 0.71 4.28 0.61 8.35 1.33 8.62 1.40 32.4 8.52 2.65 0.57 23.9 6.30 0.23 0.07 157 15.8 258 19.6

7.5-15 3.80 1.21 2.04 0.25 3.27 0.54 7.78 0.82 16.2 2.92 1.91 0.10 24.4 7.11 0.11 0.03 136 7.56 209 13.7

15-35 9.32 1.59 0.74 0.35 0.99 0.38 8.28 0.78 11.1 1.50 1.35 0.41 39.2 13.2 0.09 0.03 157 42.2 230 37.3

35-60 4.35 0.76 0.51 0.25 0.05 0.01 7.28 1.66 5.24 1.22 1.07 0.38 40.9 16.7 0.08 0.02 120 31.9 239 44.8

60-100 4.84 1.08 1.05 0.51 0.08 0.02 7.26 1.75 3.52 0.94 1.75 0.87 48.6 23.7 0.09 0.03 132 40.0 150 37.0

100-150 6.51 2.91 0.42 0.15 0.05 0.01 8.52 3.84 0.35 0.11 1.05 0.35 75.9 31.8 0.04 0.02 202 30.4 290 71.5

150-200 3.93 0.06 1.22 0.30 0.11 0.04 12.4 3.63 0.14 0.05 4.51 0.75 130 9.43 0.01 0.00 237 39.6 329 79.3

0-7.5 8.48 0.92 7.77 0.34 12.83 1.55 17.0 2.19 53.2 7.28 7.01 2.31 35.7 8.34 0.20 0.05 82.3 20.9 208 28.8

7.5-15 3.78 0.38 2.16 0.14 5.48 0.43 13.3 4.14 25.4 3.14 3.15 0.74 37.4 14.7 0.07 0.02 83.1 17.5 155 27.2

15-35 3.22 0.38 0.49 0.08 3.74 0.84 11.3 3.09 19.3 4.51 2.43 0.56 36.6 12.3 0.05 0.01 88.5 18.9 180 31.1

35-60 1.72 0.22 0.33 0.04 1.64 0.51 7.07 1.37 10.0 3.33 1.67 0.12 35.2 13.1 0.03 0.01 82.9 19.4 159 25.8

60-100 3.52 1.48 0.16 0.04 0.24 0.12 5.75 1.06 4.44 1.62 1.62 0.32 42.4 6.9 0.04 0.02 105 22.1 147 26.7

100-150 3.98 0.71 0.83 0.31 0.30 0.11 12.8 4.12 2.42 0.36 3.63 1.63 61.4 17.0 0.03 0.01 105 23.4 163 16.5

150-200 1.33 0.21 4.06 2.40 0.25 0.01 25.0 14.9 0.76 0.46 12.8 7.26 79.2 42.6 0.04 0.01 94.3 30.6 222 79.3

0-7.5 2.40 0.56 3.28 0.31 10.96 1.78 10.8 1.50 28.8 0.82 1.53 0.21 46.9 9.31 3.23 1.09 113 6.20 199 7.77

7.5-15 0.56 0.05 2.48 0.11 6.55 0.65 10.8 1.52 25.3 2.14 1.50 0.30 51.9 9.65 1.38 0.77 71.2 2.69 209 1.79

15-35 2.39 0.74 1.04 0.07 3.30 0.88 13.1 3.26 14.8 2.07 0.66 0.13 40.0 4.75 1.55 0.83 103 8.26 179 2.19

35-60 0.42 0.21 0.47 0.09 1.07 0.57 11.4 1.82 7.80 1.83 0.45 0.15 60.0 8.61 1.11 0.63 87.0 14.4 205 31.8

60-100 0.32 0.14 0.37 0.09 0.56 0.21 12.1 1.84 6.93 2.17 0.60 0.24 116 26.9 0.67 0.24 134 2.81 278 23.1

100-150 1.90 1.00 0.20 0.02 0.09 0.00 6.85 1.26 3.81 1.88 1.19 0.55 87.0 21.3 2.41 0.90 97.1 12.0 166 10.7

150-200 0.35 0.20 0.50 0.10 0.33 0.11 6.64 1.82 1.86 0.80 0.94 0.25 59.7 25.7 0.15 0.06 121 11.4 264 48.1

0-7.5 4.09 1.32 7.50 1.13 14.59 4.05 20.7 2.54 61.6 16.5 4.61 1.58 52.1 5.26 0.17 0.08 178 21.3 283 19.1

7.5-15 3.39 0.23 4.19 0.37 6.05 0.51 15.9 0.99 35.3 1.80 2.44 0.28 51.6 8.00 0.06 0.01 218 12.1 280 13.8

15-35 3.35 0.16 1.77 0.07 0.80 0.10 14.1 0.74 21.7 1.65 1.70 0.47 66.3 8.67 0.03 0.01 234 12.3 305 3.92

35-60 2.67 0.17 0.82 0.11 0.21 0.12 13.7 2.32 10.2 0.46 1.54 0.32 78.2 13.9 0.04 0.01 243 3.39 330 22.9

60-100 4.26 1.12 0.70 0.32 0.21 0.06 12.3 3.27 4.29 0.58 1.81 0.39 77.6 16.2 0.02 0.00 233 12.7 282 12.2

100-150 5.63 1.10 0.43 0.05 0.07 0.01 10.4 2.47 0.64 0.39 3.08 1.23 80.6 28.0 0.03 0.01 184 6.66 266 40.7

150-200 3.87 0.48 1.77 0.45 0.98 0.67 8.51 1.29 0.67 0.20 9.39 3.99 54.4 12.5 0.02 0.00 194 9.62 243 16.7

0-7.5 4.09 0.96 6.57 1.08 11.06 1.91 29.7 6.54 84.1 17.8 7.63 1.95 38.3 4.02 0.19 0.07 80.7 14.2 198 33.4

7.5-15 2.31 0.39 2.37 0.14 8.72 2.52 25.7 8.18 61.4 13.7 3.68 1.06 58.4 17.3 0.07 0.02 98.7 8.60 148 14.1

15-35 2.16 0.60 1.28 0.39 3.40 1.23 25.6 11.1 34.2 8.54 2.67 0.97 39.9 1.17 0.05 0.02 81.5 3.40 223 46.5

35-60 1.37 0.03 1.21 0.40 0.62 0.39 15.5 4.54 13.4 3.44 1.48 0.27 72.7 12.7 0.03 0.01 84.3 17.5 141 13.6

60-100 1.38 0.15 0.66 0.21 0.52 0.26 11.3 2.50 5.29 1.28 1.15 0.12 83.7 19.1 0.03 0.01 102 10.0 166 24.8

100-150 1.51 0.14 0.50 0.14 0.13 0.04 12.3 3.44 2.30 0.54 1.45 0.15 88.1 25.9 0.02 0.01 67.1 6.98 165 26.9

150-200 2.14 0.24 2.66 0.37 0.24 0.07 18.1 6.63 1.36 0.11 3.55 0.58 110.0 17.6 0.00 0.00 88.0 12.7 192 16.8

Residual-P(µg g-1) Total-P(µg g-1)

AGW

Ridge

Mid

Toe

HCO3-Po(µg g-1) NaOH-Pi(µg g-1) NaOH-Po(µg g-1) 1MHCl-Pi(µg g-1) Con.HCl-Pi(µg g-1)
Land-use Hillslope Depth (cm)

Resin-Pi(µg g-1) HCO3-Pi(µg g-1)

REF

Ridge

Mid

Toe

Con-HCl-Po(µg g-1)
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Table 3.6. The effect of land use on soil chemical and physical attributes across all depths and 

hillslope positions. Total Carbon (TC) and Nitrogen (TN), Ca, Mg, Fe, Al concentration (µg g-1), 

pH, Clay percentage, Anion Exchange Capacity (AEC), and Cation Exchange Capacity (CEC) 

(cmolc kg-1), (n= number of samples, SE= standard error, AGW=watersheds with a history of 

agricultural use, REF=reference hillslope with no agricultural history). 

Factors 
AGW 

  
REF 

 
p-value 

n Mean SE 
  

n Mean  SE 
 

TC 179 6400 690   63 7900 1410  <0.0010 

TN 177 3364 857   62 1146 625  <0.0001 

MIII-Ca 178 193 13.0   63 132 20.7  <0.0010 

MIII-Mg 181 149 6.80   62 183 14.3  <0.0010 

MIII-Fe 180 110 4.50   63 75.0 5.65  <0.0010 

MIII-Al 181 807 20.0   63 852 27.4  <0.0010 

Clay-pct 176 18 0.9   63 23 2.0  <0.0010 

pH CaCl2 179 4.2 0.0   63 3.9 0.0  <0.0010 

AEC 176 0.6 0.1   63 0.5 0.1  <0.0001 

CEC 178 4.6 0.2   60 5.0 0.3  <0.0010 
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Table 3.7. The effect of hillslope positions on soil chemical and physical attributes across land uses over all 

depths. Total Carbon (TC) and Nitrogen (TN), Ca, Mg, Fe, Al concentration (µg g-1), pH, Clay percentage, 

Anion Exchange Capacity (AEC), and Cation Exchange Capacity (CEC) (cmolc kg-1), (n= number of samples, 

SE= standard error). 

Factors 
Ridge  Mid  Toe 

p-value 
n Mean SE   n Mean SE   n Mean  SE  

TC 82 6822 1054  78 6063 1059.6  82 7356 1140 0.0176 

TN 79 5170 1670  79 2276 952.7  81 966 412 0.4281 

MIII-Ca 80 176 18.0  79 175 22.9  82 180 18.2 0.9105 

MIII-Mg 81 169 11  80 162 12.5  82 141 9.10 0.1942 

MIII-Fe 82 94.3 6.60  80 94.2 5.80  81 115 6.90 0.0092 

MIII-Al 82 835 27  80 846 34.5  82 776 21.9 0.0150 

Clay-pct 82 22 1.7  75 19 1.6  82 18 1.0 0.3887 

pH CaCl2 80 4.2 0.1  80 4.1 0.0  82 4.2 0.0 0.0014 

AEC 79 0.8 0.2  82 0.7 0.1  80 0.2 0.0 0.0034 

CEC 81 5.1 0.3  77 4.9 0.3  80 4.2 0.2 0.0758 

 * Clay data are from Ryland (2017) 

 



55 
 

Table 3.8. Soil chemical and physical attributes by land use and hillslope position over all depths: Total Carbon (TC) and Nitrogen 

(TN), Ca, Mg, Fe, Al concentration (µg g-1), pH, Clay percentage, Anion Exchange Capacity (AEC), and Cation Exchange Capacity 

(CEC) (cmolc kg-1), (n=number of samples, SE= standard error, AGW=watersheds with a history of agricultural use, REF=reference 

hillslope with no agricultural history). 

Factors 
AGW: Ridge AGW: Mid AGW: Toe REF: Ridge REF: Mid REF: Toe 

 

n Mean SE n Mean SE n Mean SE n Mean SE n Mean SE n Mean SE p-value 

TC 61 6389 1187 57 5468 1108 61 7215 1262 21 8082 2279 21 7677 2558 21 7767 2583 0.137 

TN 58 6225 2167 59 2865 1268 60 1089 554 21 2258 1838 20 537 140 21 614 166 0.827 

MIII-Ca 59 207 21.8 58 186 26.0 61 185 22.0 21 88.9 20.8 21 144 47.0 21 164 35.0 0.342 

MIII-Mg 61 168 11.0 59 149 13.0 61 129 9.00 20 171 24.6 21 201 29.0 21 176 21.0 0.824 

MIII-Fe 61 101 8.00 59 101 6.00 60 128 8.00 21 75.2 10.0 21 74.2 12.0 21 76.6 7.75 <0.001 

MIII-Al 61 824 35.0 59 824 42.5 61 775 24.0 21 869 36.0 21 910 52.0 21 776 51.0 <0.001 

Clay-pct 61 21 1.9 54 16 1.3 61 17 1.1 21 26 3.7 21 25 4.0 21 20 2.3 0.030 

pHCaCl2 59 4.4 0.1 59 4.2 0.1 61 4.2 0.0 21 3.6 0.1 21 3.9 0.1 21 4.2 0.1 0.376 

AEC 61 0.9 0.2 56 0.7 0.2 59 0.2 0.0 21 0.3 0.1 21 0.7 0.3 21 0.3 0.1 0.085 

CEC 61 5.0 0.4 57 4.9 0.4 60 4.0 0.2 20 5.3 0.6 20 4.8 0.6 20 4.8 0.5 0.529 
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Table 3.9. General Chemical and physical soil information in two land use with three hillslopes in seven depth. Total Carbon (TC) and 

Nitrogen (TN), Ca, Mg, Fe, Al concentration (µg g-1), pH, Clay percentage, Anion Exchange Capacity (AEC), and Cation Exchange 

Capacity (CEC) (cmol kg-1). SE= standard error. AGW= watersheds with a history of agricultural use, REF= reference hillslope with 

no agricultural history. 

 

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

0-7.5 26181 3171 1275 219 588 241 141 25.2 167 29.3 687 120 9.0 1.2 4.6 0.3 0.2 0.1 6.7 1.1

7.5-15 8154 770 468 22.9 279 83.7 97.4 14.3 159 21.8 717 50.5 10 1.5 4.5 0.2 0.6 0.3 2.8 0.4

15-35 3833 679 302 35.0 138 27.5 112 21.8 96.4 15.7 877 65.2 27 5.4 4.2 0.1 0.4 0.2 2.6 0.3

35-60 2701 486 12241 7605 160 41.8 182 26.9 60.0 4.70 866 64.4 35 5.9 4.3 0.1 0.5 0.1 6.0 1.4

60-100 1364 270 8019 5229 226 51.1 226 33.9 72.5 8.94 1023 35.5 31 4.3 4.2 0.1 1.0 0.5 4.9 0.7

100-150 731 155 105 24.0 128 27.0 208 30.3 69.5 10.9 854 116 20 2.6 4.2 0.1 1.3 1.0 5.7 1.0

150-200 470 150 358 265 148 56.6 223 43.0 74.8 12.2 822 93.4 16 3.2 4.4 0.2 0.5 0.2 5.6 0.9

0-7.5 33077 6072 1629 292 413 188 148 26.3 148 24.7 864 112 9.0 1.8 4.2 0.2 0.4 0.2 8.4 1.9

7.5-15 7983 1505 488 76 268 87.9 72.4 8.87 126 13.4 956 165 12 2.1 4.3 0.2 0.5 0.3 3.3 0.4

15-35 3026 268 270 15.0 103 21.6 79.2 16.9 95.7 12.5 845 77.5 20 3.5 4.1 0.1 0.1 0.0 2.6 0.3

35-60 2120 314 234 27.0 123 27.2 134 29.6 87.1 9.35 933 125 21 4.9 4.0 0.1 1.1 0.4 4.3 0.9

60-100 1037 165 1611 1294 136 41.0 152 24.6 76.6 11.1 831 83.8 17 2.6 4.1 0.1 0.5 0.2 5.1 0.8

100-150 749 239 1354 740 180 58.2 248 30.9 84.3 13.4 717 53.1 18 2.4 4.1 0.1 0.4 0.2 6.9 0.8

150-200 588 245 69.4 23.0 203 77.4 188 41.8 85.6 14.8 503 69.4 16 3.0 4.3 0.1 1.1 0.3 5.3 0.9

0-7.5 8417 4896 1370 132 397 81.3 174 30.8 158 29.4 841 57.6 11 2.2 4.3 0.1 0.1 0.1 6.3 1.2

7.5-15 22369 4031 1086 552 209 52.9 104 23.9 124 20.7 753 48.5 10 2.4 4.3 0.1 0.2 0.1 2.8 0.4

15-35 6733 757 473 82.0 98.2 11.4 89.1 21.0 121 15.6 792 65.1 15 3.6 4.1 0.1 0.2 0.1 2.7 0.4

35-60 4853 1006 282 40.0 67.5 13.6 73.3 10.9 117 11.4 729 63.6 16 2.7 4.0 0.1 0.1 0.0 3.1 0.5

60-100 2732 800 222 24.0 113 33.4 142 13.7 123 14.7 833 54.0 22 2.8 4.1 0.1 0.3 0.1 4.3 0.6

100-150 1434 343 257 69.0 191 37.0 172 24.7 113 21.2 809 80.9 23 1.9 4.2 0.1 0.1 0.1 4.2 0.4

150-200 1838 319 195 36.0 231 52.2 156 22.0 96.6 15.2 642 58.2 20 0.8 4.4 0.1 0.2 0.1 5.5 0.7

0-7.5 24015 2695 888 61 75.8 20.0 83.5 6.26 147 15.0 846 58.5 8.8 0.0 3.2 0.1 0.0 0.0 5.2 0.7

7.5-15 17853 5322 711 141 122 23.3 51.6 6.99 126 13.4 888 81.4 8.8 0.3 3.4 0.1 0.0 0.0 3.1 0.6

15-35 6051 1071 382 35.0 59.0 3.73 94.7 23.4 62.8 3.06 819 69.3 27 5.0 3.7 0.1 0.5 0.3 4.8 0.3

35-60 4317 866 320 35.0 49.5 8.21 199 24.8 50.5 0.37 877 48.2 43 5.5 3.8 0.1 0.3 0.2 4.4 1.1

60-100 2531 110 241 5.00 153 50.1 292 25.7 42.4 2.62 928 15.8 47 3.5 3.8 0.1 0.6 0.2 4.6 0.9

100-150 1214 157 184 3.00 65.4 8.45 218 35.8 51.7 7.68 954 91.6 29 3.1 3.8 0.1 0.2 0.1 7.1 1.7

150-200 593 71.0 121 15.0 137 67.9 274 32.1 46.1 4.40 771 25.3 16 0.9 3.8 0.0 0.6 0.2 8.5 0.8

0-7.5 30955 5536 1650 339 330 142 206 66.1 170 19.0 1168 93.9 8.6 0.4 3.6 0.1 0.2 0.1 5.6 1.6

7.5-15 10852 1419 665 72.0 97.9 27.6 122 24.5 114 13.6 773 23.3 5.5 0.5 3.9 0.1 1.7 0.9 3.3 0.1

15-35 5775 654 391 49.2 171 55.2 128 4.95 52.0 3.79 1120 50.2 21 1.3 3.9 0.1 0.1 0.0 3.9 0.5

35-60 3973 585 484 92.0 77.4 8.31 262 38.7 61.5 11.6 939 32.3 44 3.0 3.9 0.1 0.2 0.1 5.2 1.2

60-100 1189 327 190 30.4 44.7 3.72 186 36.1 42.3 1.31 975 82.3 43 9.3 4.0 0.1 0.6 0.2 4.7 1.0

100-150 651 194 155 27.0 42.4 8.72 165 33.9 43.3 0.45 698 60.8 31 7.5 3.9 0.1 0.7 0.3 6.2 1.3

150-200 343 100 95.0 24.0 37.2 9.80 145 10.8 36.0 2.99 696 33.1 20 3.9 3.8 0.1 1.2 0.4 4.0 0.5

0-7.5 32849 4214 2146 344 401 101 184 53.3 126 13.0 780 79.7 5.9 0.6 4.0 0.1 0.0 0.0 9.2 2.4

7.5-15 10828 1631 812 127 84.3 2.80 126 7.58 105 2.62 795 109 8.0 0.6 4.2 0.0 0.0 0.0 3.4 0.6

15-35 5049 479 430 34.0 129 33.8 102 7.20 75.1 4.53 820 84.9 18 0.7 4.1 0.0 0.3 0.2 3.4 0.6

35-60 2571 72.0 329 6.00 97.9 3.95 163 18.7 61.8 7.67 839 59.9 34 2.9 4.1 0.0 0.3 0.1 3.6 0.4

60-100 1545 156 209 24.0 112 11.4 219 22.7 42.0 1.20 909 40.7 29 0.0 4.2 0.1 0.5 0.1 4.1 0.2

100-150 741 75.0 180 10.0 143 30.4 226 53.4 48.4 8.14 623 98.4 23 0.8 4.0 0.0 0.5 0.1 4.8 0.8

150-200 787 45.0 189 22.0 183 63.4 212 38.3 77.9 13.1 666 97.7 18 2.2 4.0 0.0 0.8 0.2 6.7 0.9

AEC (Cmolkg
-1

) CEC (Cmolkg
-1

)
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Toe
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Figure 3.1. Conceptual framework for transport of dissolved and particle phosphorus (P) through an idealized 

hillslope in the Calhoun CZO (Image courtesy of Wade Newbury). 



58 
 

 

Figure 3.2. Calhoun Critical Zone Observatory, Sumter National Forest, South Carolina USA. The inset depicts watershed 

and hillslope areas of study in blue polygons. 
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Figure 3.3. Time comparison of the Calhoun Critical Zone Observatory (SC) land cover. US Forest Service 1933 photograph 

obtained from the Photographic Archive of the Calhoun Experimental Forest (A) and current land cover (B). 

(http://criticalzone.org/calhoun/data/dataset/4324/). AGW= watersheds with a history of agricultural use, REF= reference 

hillslope with no agricultural history. 

 

http://criticalzone.org/calhoun/data/dataset/4324/
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 Figure 3.4. Digital elevation map (DEM) with stream sample locations and insets of soil and lysimeter sample locations in 

watersheds or hillslopes in the Calhoun Critical Zone Observatory.  AGW= watersheds with a history of agricultural use, 

REF= reference hillslope with no agricultural history. 
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Figure 3.5. Total phosphorus (Total P) and Mehlich-III P in two land uses (AGW and REF) within 

three hillslope positions (ridge, mid, and toe) in the Calhoun Critical Observatory, SC. Sample size 

of AGW-Mehlich III: 174; AGW-total P: 57; REF-Mehlich III and total P: 63. AGW= watersheds 

with a history of agricultural use, REF= reference hillslope with no agricultural history. 
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Figure 3.6. Phosphorus fractions across depths and hillslopes in two land uses (AGW and REF) 

of the Calhoun Critical Observatory, SC. AGW= watersheds with a history of agricultural use, 

REF= reference hillslope with no agricultural history. 
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Figure 3.7. Total phosphorus (PO4
3-

T) collected from ceramic cup lysimeters at 15 and 60 cm soil depths across 

two land uses (AGW and REF) and four different hillslope positions (ridge, mid, toe, and stream bank 

(str.bank)). AGW= watersheds with a history of agricultural use, REF=reference hillslope with an agricultural 

history. Numbers under bar are sample size collected between January 2017 to December 2018. There are three 

lysimeters at all locations and depths except REF str.bank that has two. 
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Figure 3.8. The percentage of inorganic and organic phosphate in soil solutions from ceramic cup 

lysimeter across two land uses (AGW and REF) within four hillslope positions (ridge, mid, toe, 

and stream bank (str.bank)) at 15 and 60 cm in the Calhoun Critical Zone Observatory. AGW= 

watersheds with a history of agricultural use, REF= reference hillslope with no agricultural history. 

Samples collected between January 2017 to December 2018. There are three lysimeters at all 

locations and depths except REF str.bank that has two.  
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Figure 3.9. Dissolved organic carbon (DOC) from ceramic cup lysimeter across two land uses 

(AGW and REF) within four hillslope positions (ridge, mid, toe, and stream bank (str. bank)) 

at 15 (A) and 60 (B) cm. AGW= watersheds with a history of agricultural use, REF= reference 

hillslope with no agricultural history. Numbers under bar are sample size collected between 

January2017 to December 2018. There are three lysimeters at all locations and depths except 

REF str.bank that has two. 

A 

a a b ac 
a b b b 

B 

a a a a 

B 

a 

A 

a b a 



66 
 

 

Figure 3.10. Inorganic phosphorus (PO4
3-

i) collected from resin capsules at 15 cm soil depth across two land 

uses (AGW and REF) and four different hillslope positions. AGW= watersheds with a history of agricultural 

use, REF= reference hillslope with no agricultural history. Numbers under bar are sample sizes collected 

between January 2017 to December 2018. There are three lysimeters at all locations and depths except REF 

str.bank that has two.  
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Figure 3.11. Time series of inorganic phosphorus (PO4
3-

i) concentration (µmol L-1) of first order streams in 

three AGW and one REF site over five years. AGW= watersheds with a history of agricultural use, REF= 

reference hillslope with no agricultural history. 
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Figure 3.12. Inorganic phosphorus (PO4
3-

i) concentration in streams of different landscape elevations and 

sample size collected from July 2014 to July 2018. The concentration of PO4
3-

i which was below 10 µmol 

L-1 showed in the figure. (Two points not included here have concentrations of 11.07 and 53.49 µmol L-1 

from large-river and low-elevation, respectively). 
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CHAPTER 4 

SOIL PHOSPHORUS DYNAMICS OVER SIXTY YEARS OF FOREST 

DEVELOPMENT IN THE CALHOUN CRITICAL ZONE OBSERVATORY IN THE 

SOUTHEASTERN US PIEDMONT 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 M. Foroughi, L. A. Sutter, D.D. Richter, A. Thompson, and D. Markewitz. To be submitted to Soil Science Society 

of American Journal. 
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Abstract 

Agricultural land use and reforestation have altered soil phosphorus distributions and have 

demonstrated that slowly cycling P fractions play a significant role in soil P bioavailability on time 

scales longer than a growing season. The objective of this study was to determine P distribution 

and bioavailability in a Southeastern Piedmont Ultisol during forest development from 1957 to 

2017. This research at the Calhoun Critical Zone Observatory, South Carolina, USA catalogs 

changes in 0-60 cm mineral soil P fractions through six repeated samplings in eight plots uncut 

since planting and eight plots that were cut in 2007. We hypothesized that in uncut plots soil 

organic P (Po) would increase over time at the expense of HCl extractable Ca-HPO3 pools.  In cut 

plots we expected a loss of organic P, but an increase in the bioavailable Mehlich III, resin, and 

HCO3 extractable pools. Results indicated that between 2005 to 2017 the slowly cycling NaOH Po 

did not increase in the uncut plots but increased ~4 µg g-1 in the 0-7.5 cm soil layer of cut plots. 

Whereas, the Mehlich III extractable P in 0-7.5 cm decreased in uncut (from 38.7 to 15.7µg g-1) 

and cut plots (from 25.2 to 17.7 µg g-1). Changes in soil P fractions relative to tree demand for P 

suggest HCl extractable pools that were likely elevated from a legacy of P fertilization continue to 

decline and that organic P pools that are likely increasing due to recycling of P from debris 

decomposition have the main roles in supplying soil P to plants. 
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1. Introduction 

The distribution of soil P fractions changes with land use and the dynamic soil chemical 

environment (Grieve, 2001; Alt et al., 2011; Aguiar et al., 2013). Soil P fractions have specifically 

been evaluated over time under changing land use from agriculture to reforestation as there is 

interest in the fate of historic P applications (MacDonald et al., 2012). A legacy of P fertilization 

in the form of higher soil extractable P has been found after reforestation on previous agricultural 

land over several decades to centuries (Koerner et al., 1997; Falkengren-Grerup et al., 2006; 

Richter et al., 2006; Dambrine et al., 2007; Goyette et al., 2018). 

The retention of this fertilizer P and the relationship between available (labile) and slowly 

cycling (recalcitrant) P fractions has a significant impact on P availability to plants because the 

majority of soil P is held in pools unavailable for immediate use by plant roots and soil microbes 

(Chang and Jackson, 1957). Most of our knowledge about bioavailable P in soils has focused on 

the correlation between inputs of P fertilizer, measures of bioavailable P, and agricultural 

production within a given crop year (Bray and Kurtz, 1945; Olsen, 1954; Mehlich, 1978). The 

associated soil measurement methods and management implications only relate to short-term soil 

bioavailable P dynamics (Schmidt et al., 1997); however, slowly cycling P fractions can have a 

significant role in soil P bioavailability in time scales longer than a growing season (Johnson et 

al., 2003; Richter et al., 2006).  

Over multiple growing seasons, total P concentrations generally decrease over time, and in 

unfertilized cropping systems organic P fractions are the major source for plant-available P 

(Schoenau et al., 1989; Beck and Sanchez, 1996; Solomon et al., 2002). In fertilized systems, P 

fertilization enriches the bioavailable P pools, but may also increase slowly cycling P fractions 

depending on soil attributes such as presence of clays or Fe and Al (oxy)hydroxides (Beck and 
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Sanchez, 1996; Friesen et al., 1997). For example, labile P concentrations in Inceptisols increased 

2.6-6.3 mg kg-1 with continued application of 26-42 kg ha-1 P fertilizer for 8 years (Zheng et al., 

2002). Similarly, on an Oxisol annual application of P fertilizer (50-100 kg ha-1) increased total P 

28-64% (108-248 kg ha-1) relative to unfertilized crop lands and in this case all of slowly cycling 

P fractions (Hedley et al., 1982) were also enriched compared to the reference sites by 40-92 mg 

kg-1 (Lilienfein et al., 2000).  

If agriculture is abandoned and fertilization discontinued, reforestation over decades can 

potentially alter readily available P pools and shift P demand to the slower cycling fractions 

(Compton and Boone, 2000; Wall and Hytönen, 2005). Most studies on forest development on 

agricultural land have focused on general physical and chemical soil characteristics (changes in 

soil acidity, carbon, nitrogen) (Richter et al., 1994; Vesterdal et al., 2002; Ritter et al., 2003) with 

fewer measuring specific impacts of forest development on different P pools. De Schrijver et al. 

(2012) working on Haplic Luvisols with a sandy loam texture measured P pools with increasing 

forest age and found labile Pi declined by 10-20% while Po increased 3-8% of total P. A meta-

analysis of afforestation on previous farmland indicated that over multiple years bioavailable and 

total P on average had significant decreases of 19.6 and 10.5%, respectively (Deng et al., 2017).  

One study of forest regrowth on long-term agricultural land in the Southeastern US 

Piedmont is of specific interest as it is the location of the current study. This research that was 

initiated on an old cotton (Gossypium sp.) field in 1957 as a loblolly pine (Pinus taeda) spacing 

study is unique in not being a chronosequence study like those above but rather having repeated 

soil measurements on permanent plots.  A comparison of soil from 1962 to 1990 indicated that 

labile P had only minor changes as 5-year-old trees matured over the next 28 years (Richter et al., 

2006). In contrast, to the labile fraction the slowly cycling P fractions, especially Pi associated with 
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Ca, were depleted through the upper 60 cm and were presumed to be buffering concentrations of 

labile P.  Soil resampling has continued in this experiment such that currently we were specifically 

interested in evaluating the P distribution over the whole 65 years of forest growth on this previous 

agricultural land situated in the Calhoun Critical Zone Observatory in South Carolina, USA.  

The specific objectives of this study are to investigate 1) bioavailable P, 2) slowly cycling P, and 

3) organic P fractions in mineral soil over the last 27 years since 1990.  In addition, since the 

original publication (Richter et al., 2006) half of the permanent plots were harvested such that we 

are interested in evaluating the effect of cutting on the P pools.  We hypothesized that 1) in the 

uncut plots bioavailable P would continue to decline but only gradually due to continued buffering 

by slowly cycling P fractions, 2) slowly cycling HCl extractable P fractions related to Ca-

phosphates will continue to decline but other NaOH or HCl fractions related to Fe and Al 

amorphous minerals in the Bt horizon will remain unchanged, and 3) Po fractions, especially labile 

Po pools will increase due to a buildup of organic matter (OM) on the surface and in the mineral 

A horizon.  Finally, in relation to harvesting we hypothesized that 4) bioavailable and organic P 

fractions will increase compared to uncut plots as a result of decomposing residual debris. 

 

2. Methods 

2.1 Study Site 

The Calhoun Critical Zone Observatory (34° 7' 55.36" N, 82°18' 36.17" W), Union County, 

South Carolina (SC) is home to this Long-Term Soil Experiment (LTSE). This research area was 

original designated as the Calhoun Experimental Forest within the Sumter National Forest by the 

US Department of Agriculture (USDA) Forest Service (Metz, 1958). The Calhoun had an average 

annual precipitation of approximately 1247 mm and mean annual temperature of 17°C, between 
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1979-2018 (Clinton, SC; https://www.ncdc.noaa.gov/cdo-web/). Cecil and Appling (fine, 

kaolinitic, thermic Typic Kanhapludults), and Cataula (fine, kaolinitic, thermic Oxyaquic 

Kanhapludults) soil series are predominant above the granitic bedrock of the region on slopes < 

3% (Richter et al., 1994; Markewitz et al., 1998). Previous LTSE work (Richter et al., 2006) 

reported the general soil characteristics from 0-3 meters, including bulk density (1.4-1.5 g cm-3), 

pHCaCl2 (3.8-4.4), and clay (10-48%).  

The Calhoun experimental forest supported a mixed deciduous forest that included 

southern and northern red oaks, hickories, and other hardwood species before 1800 (Metz, 1958; 

Richter and Markewitz, 2001). After European settlers migrated to the Southeast, the upland 

hardwood forests were converted to farmland (Metz, 1958). Much of the forest was cleared and 

burned to be managed for corn, wheat, tobacco, and mostly cotton after 1800 (Ruffin, 1852; Gray 

and Thompson, 1933). After the Civil War, intense deforestation along with a substantial use of 

lime and P fertilizer occurred (Taylor, 1953; Sheridan, 1979). LTSE lands were originally 

replanted with loblolly pine seedlings (winter 1957) after having been cultivated in cotton for about 

150 years (Richter et al., 1994; Markewitz et al., 1998). The 60-yr-old plots are still dominated by 

pine in the overstory with mixed hardwoods in the understory. 

2.2 Sample collection 

LTSE soils collected in 1962, 1968, 1978, 1982, 1990, 1997, 2005, 2010, and 2017 have 

been archived at the Nicholas School of the Environment and Earth Sciences, Duke University, 

Durham, NC. Soil were collected as twenty 2-cm diameter punch-tube samples per plot (Richter 

et al., 2006) divided into four different depths (0-7.5, 7.5-15, 15-35, and 35-60 cm) at 16 permanent 

plots (Fig. 4.1). Eight of these plots were clear-cut in 2007 and replanted prior to the 2009 growing 

season. Approximately every five years between 1962-2017, soil and forest floor samples were 

https://www.ncdc.noaa.gov/cdo-web/
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collected from the uncut plots. Samples of the cut plots were collected from 2005 to 2017. The 16 

permanent plots include 4 blocks and 4 spacings (6x6, 8x8, 10x10, and 12x12). The spacings 6x6 

and 12x12 ft were cut (i.e., cut plots) and the others are uncut plots (Fig. 4.1). 

2.3 Sample analyses 

Collected soils were air-dried and sieved through a 2 mm screen. A moisture correction 

factor was determined after oven drying a 1-2 g subsample at 105˚C to a constant weight. The 

labile P was determined in Mehlich-III extractions (Mehlich, 1978) via colorimetry (Murphy and 

Riley, 1962). To be consistent with previous P fractions measurement (Richter et al., 2006), we 

corrected the fractions data based on the linear regression between the 9 randomly selected soils 

samples from 1990, 1997, and 2005 that were originally measured in 2005 (Richter et al., 2006) 

and re-measured by us in 2017 (Supplementary Fig. 4.1). 

 Fractions were determined in soils sampled in 2005, 2010, and 2017 from all 16 permanent 

plots. In addition, six randomly selected soil samples from 1990 were analyzed to compare with 

previous research results for analytical consistency. The readily soluble and exchangeable Pi was 

extracted by anion exchange resin strips. To determine other soil P pools, we followed the 

sequential fractionation method (Hedley et al., 1982) as modified by Tiessen and Moir (1993). In 

summary, this method separated extractable Pi and Po with 0.5M NaHCO3 (pH=8.5), 1 M NaOH, 

and 1 M HCl that showed P associated with surface charge, Fe/Al oxides, and Ca, respectively. 

Then, occluded P in crystalline Fe phases (Lilienfein et al., 2000; Crews and Brookes, 2014) was 

estimated by extracted with hot (80oC) concentrated HCl. In the final step, the residual P and an 

independent total P of samples were extracted with a nitric acid and hydrogen peroxide digestion 

(Kimbrough and Wakakuwa, 1989; Niederberger et al., 2015). All P fractionation concentrations 
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were measured via spectrophotometry, as above, using molybdate blue chemistry (Murphy and 

Riley, 1962) after neutralization to a phenol thalene endpoint. 

To be consistent with previous P fractions measurement (Richter et al., 2006), we corrected 

the fractions data based on the linear regression between the 6 randomly selected soils samples 

from 1990 that were originally measured in 2005 (Richter et al., 2006) and re-measured by us in 

2017 (Supplementary Fig. 4.2). 

To evaluate the Short Range Ordered (SRO) Fe and Al, soils of  uncut plots from 1997, 

2005, and 2017 were extracted with acid ammonium oxalate (AAO) solution (Carter, 1993; 

Loeppert and Inskeep, 1996) and then extracted Fe, Al , and P in the AAO solution were measured 

by inductively coupled plasma-mass spectrometry (ICP-MS; Perkin Elmer ICPMS model Elan 

DRCII, Ontario, Canada).  

2.4 Data Analyses 

Earlier work at this location (Richter et al., 2006), reported bulk density for 0-15 and 35-

60 cm depths of 1.52 and 1.44 g cm-3, respectively. We used these bulk densities to estimate the 

change in P content for the current study. 

We employed a repeated measure, linear mixed-effects model on the longitudinal data to 

evaluate which soil P fractions changed with time and spacing. All statistical analyses were 

conducted in R using the “lme” function for mixed-effects models in the “nlme” package (Pinheiro 

et al., 2013). Across these analyses, the year and spacings were set as fixed effects and the block 

was treated as a random effect. Furthermore, the covariance structure used for the repeated measure 

design was found to be corAR1 based on the Akaike information criteria (AIC) and the restricted 

maximum likelihood (REML) method used to fit all the linear mixed-effect models. Post-hoc tests 

for significant fixed effects (P <0.05) in the ANOVA followed by Tukey's HSD comparison. Each 
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P fraction was statistically analyzed for each soil layer separately. Also, cut and uncut plots 

analyzed separately as well. 

 

3. Results 

3.1 P fractions in uncut plots 

The Mehlich III extractable P (Mehlich III-P) decreased in the 0-7.5 and 7.5-15 cm depth 

incremented from 1962 to 2017 (Fig. 4.2). Average Mehlich III-P significantly declined (p 

<0.0001) from 38.7 to 15.7 µg g-1 in the surface layer (0-7.5 cm).  Although the Mehlich III-P pool 

increased at 7.5-15 cm until 1997, it showed a decreasing trend afterwards. The change at 7.5-15 

cm between 1962 and 2017 indicated a significant decrease of 4.5 µg g-1 (p-value = 2.18 e-9). In 

contrast, at 35-60 cm depth between 1962 and 2010 the Mehlich III-P pool significantly increased 

(p <0.0001) from 0.2 to 1.3 µg g-1.  

The labile P (resin Pi, HCO3 Pi, and HCO3 Po) fractions slightly decreased in the 7.5 cm 

depth increment over the years; however, HCO3 P did not change statistically. In contrast, the same 

P pools tended to increase in the deeper soil layers (Fig. 4.3 and Table 4.2). For example, extracted 

resin Pi significantly declined at 0-7.5 and 7.5-15 cm (p <0.01) from 12.6 and 10.7 µg g-1 to 5.31 

and 7.04, respectively.  Contrary to resin Pi, the HCO3 Pi significantly increased (p <0.003) in most 

subsoil layers (15-60 cm). In general, across the labile P pools, the extracted NaOH Pi was 

significantly greater in 1962 (p <0.001) than 2017 at 0-7.5 and 35-60 cm layers. In addition, the 

NaOH Po concentration in 2017 was significantly (p <0.0001) less than 1962 through 15 cm soil 

depth (Fig. 4.3, Tables 4.1 and 4.2).   

The 1M HCl Pi significantly decreased (p =<0.01) in 0-15 cm over time (Table 4.2). In 

contrast, HCl Pi (1M HCl Pi + Concentrated HCl Pi) increased significantly (p =0.01) from 16.8 to 
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25.6 µg g-1 in 15-35 cm through 2017 (Fig. 4.3).  Generally, residual and total P did not follow a 

consistent pattern in the four different soil layers over 55 years (Table 4.2). Only in the 7.5-15 cm 

depth increment was the total P concentration decline significant (p <0.05; Table 4.2).    

3.2 Labile to slowly cycling P ratios in uncut plots 

The ratio of readily and slowly cycling organic P (HCO3Po/NaOH Po) indicated a 

significant increase (p =<0.01) from 1962 to 2017 in most soil layers (Fig. 4.4A). The HCO3 

Po/NaOH Po ration increased from 0.31 in 1962 to 0.51 in 2017. The inorganic pool ratio 

(resin+HCO3Pi/NaOH Pi) also slightly increased for all different soil depths and was significant in 

the deepest layer (p =<0.01; Fig. 4.4B).   

One component of the slowly cycling P fraction is associated with Fe and Al. Oxalate 

extractable Fe, Al, and P (AAO-Fe, -Al, and -P) were measured in three years (1997, 2005, and 

2017; Fig. 4.5). The average AAO-Fe and -Al slowly increased during forest regeneration 

throughout 60 cm; however, the changes of AAO-Fe and -Al over the years of investigation were 

significant (p <0.01 and <0.05, respectively) only at 7.5-15 cm. AAO-Fe and -Al showed a 

negative relation and strong correlation with Mehlich III-P for all sample through 60 cm (r= -0.35 

and -0.49 between Pi with Fe and Al, respectively); however, NaOH Pi and Concentrated HCl Pi 

had a positive relationship with AAO-Fe and -Al (Supplementary Fig. 4.3). 

3.3 P fractions in cut plots 

Mehlich III-P for the permanent plots harvested in 2007 (i.e., cut plots, n=8) decreased 

significantly (p <0.01) from 2005 to 2017 in the 0-7.5 cm (25.2 to 17.7 µg g-1) and 7.5-15 cm (33.1 

to 22.8 µg g-1) soil layers (Fig. 4.6). In contrast, the deeper layers between 2005 and 2017 showed 
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no difference, although the Mehlich III-P concentration in 35-60 cm declined significantly 

(p<0.05) from 1.127 µg g-1 in 2010 to 0.727 µg g-1 in 2017. 

Labile P (resin Pi, HCO3 Pi and Po) showed no significant changes from 2005 to 2017 (Fig. 

4.7 and Supplementary Table 4.2). The concentration of slowly cycling Po (NaOH Po) significantly 

increased by 3.8 µg g-1 (p <0.001) in 0-7.5 cm over 12 years (Table 4.4 and Fig 4.7). In the 

subsurface 7.5-15 cm layer, most P fractions (highly and moderately available pools) remained 

constant except for concentrated HCl that increased around 3 µg g-1 (Fig. 4.7 and Table 4.3). 

Residual and total P decreased after harvesting, replanting, and growth of trees over the 12 years 

studied (Table 4.3 and 4.4). Furthermore, residual P significantly declined (p<0.01) from 2005 

(66.9 µg g-1) to 2017 (33.3 µg g-1) in the 7.5-15 cm layer (Table 4.4 and Supplementary Table 4.2). 

3.4 Labile to slowly cycling P ratios in cut plots 

The ratio of readily cycling Po relative to slowly cycling of Po (HCO3Po/NaOH Po) in cut 

plots significantly decreased (p <0.01) from 0.58 to 0.45 at the surface layer (0-7.5 cm) between 

2005-2017 (Fig. 4.8A). In addition, readily available Pi relative to slowly cycling Pi also declined 

significantly (p <0.05) in the upper 15 cm soil depth. The ratio of (resin Pi+HCO3 Pi)/NaOH Pi 

significantly decreased (p <0.01) in 0.22 at 0-7.5 cm depth over 12 years (Fig. 4.8B). 

 

4. Discussion 

After 60 years of pine trees regenerating (1957-2017) on former cropland, soil P 

redistribution occurred between labile, slowly cycling, and occluded soil P fractions. Overall, the 

Mehlich III, labile, and slowly cycling P fractions decreased with forest age, although patterns 

were specific with P fraction and soil layer. Below we address our hypotheses relating to 

bioavailable P, slowly cycling P, and organic P fractions in the cut and uncut plots.  
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4.1 Bioavailable P in uncut plots 

The Mehlich III-P content decreased 23 µg g-1 (26 kg ha-1) throughout the 0-60 cm soil 

profile as the forest aged from 1962 to 2017 (Fig. 4.2). During early forest regeneration (1962-

1990), the accumulation of P in biomass of 82.5 kg ha-1 was six times greater than the reduction 

of Mehlich III-P in soils (13 kg ha-1), suggesting that the tree demand extracts P from more stable 

pools (Richter et al., 2006). The additional 13 kg ha-1 decline in Mehlich III-P from 1990 to 2017 

was also likely below tree demand. A linear extrapolation of annual tree (1.4 kg-P ha-1 yr-1 tree 

biomass) and forest floor (1.6 kg-P ha-1 yr-1) accumulations estimated through 1990 results in forest 

floor (43.2 kg ha-1) and tree biomass (37.8 kg ha-1) P contents above Mehlich III declines. These 

linear extrapolations are certainly high given known patterns of pine plantation growth, 

particularly through age 60 (Switzer et al., 1966), but even rates half as high would still exceed 

MIII declines by three-fold suggesting that the biological P demand had to be met from other 

sources such as the more stable pools.   

The labile P pool (resin Pi, HCO3 Pi and Po), which includes available P beyond Mehlich 

remained fairly constant from 1962-2017 and 1990-2017 in the 0-7.5 cm soil layer (Supplementary 

Table 4.1 and Fig. 4.3) and actually increased over the 0-60 cm layer (Table 4.1). As such, this 

fraction does not appear to have contributed to plant demand. The slowly cycling P fractions 

(predominantly HCl extractable Ca-P) were shown to be enriched by cultivation with fertilization 

at this site and soil P enrichment after agriculture is a common response as noted above (Koerner 

et al., 1997; Lilienfein et al., 2000; Zheng et al., 2002; Falkengren-Grerup et al., 2006; Dambrine 

et al., 2007; Goyette et al., 2018). For example, in one study on a similar soil (Typic Hapludult) 

undergoing 12 years of fertilization, all Hedley P fractions were enriched 3-36 times relative to 

unfertilized pastureland and the largest increases were in Ca-P (Sharpley et al., 2004). In the 
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current soil, increase in these Ca-P pools may have resupplied the available P fractions during 

several decades of forest growth (Richter et al., 2006). The slowly cycling and occluded P fractions 

in the present study declined about 81 kg ha-1 through the 60 cm soil profile over 55 years of forest 

development (Table 4.1), which is still less than the estimated accumulated biomass P (120 to 165 

kg ha-1 yr-1). This Ca-P supports an interpretation that the slowly cycling P fractions have supplied 

part of the required labile P accumulated in tree biomass and forest floor.  

On the other hand, the labile pools (resin Pi, HCO3 Pi and Po) may have been renewed by 

organic sources. Boreal and temperate coniferous forest floor deposition and decomposition has 

been demonstrated to provide dissolved Po to fine roots or as leachate to the mineral soil (Berg, 

2018). In 70-year-old temperate hardwood forests as much as 60% of the annual P uptake (6 of 10 

kg ha-1 yr-1) was ascribed to forest floor P recycling (Yanai, 1992). Similarly, HCO3 extracted-Po 

in an oak forest in Belgium increased from 3 to more than 8% (90 to 120 kg ha-1) of total P (~3000 

kg ha-1)in the surficial soil layer over 36 years (De Schrijver et al., 2012). The available Po fractions 

in tropical forests also increase with increasing forest age: available and slowly cycling Po 

increased to 50% of total P in the soil in one study (Frizano et al., 2002). In the current location, 

in the uncut plots soil organic carbon (SOC) content also increased from 1962 to 2005 in the topsoil 

layers (0-35 cm) due to litterfall and dead biomass decomposition  (Richter et al., 1999; Mobley 

et al., 2019), which may also increase Po and buffer Mehlich III or other bioavailable P pools. In 

short, it does appear the bioavailable P pools have been buffered from declines during this period 

of continued forest growth, although both Ca-P and organic P may play a role. 

4.2 Slowly cycling and occluded P in uncut plots 

The total slowly cycling P fractions (both Pi and Po extracted with NaOH) decreased 

throughout the 60 cm soil profile from 1962 to 2017 as did the NaOH-Pi from 1990 to 2017. In 
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2017, the content of NaOH-extracted P was approximately 93 kg ha-1 less than 1962 (Table 4.1, 

Supplementary table 4.1, and Fig. 4.3). Our hypothesis was that the slowly cycling P would 

continue to buffer the available P fractions providing P to meet requirements for biological growth. 

The NaOH-Po did not show any significant changes between 1990 to 2017 while NaOH-Pi was 

depleted by 10.7 kg ha-1 in the surficial soil layer (Supplementary table 4.1 and Fig. 4.3). This 

depletion could account for 25% of the estimated amount of P uptake during the 27 yr period of 

forest growth (39 kg ha-1 P).  

The lack of a decline in NaOH-Po from 1990 to 2017 may also relate to an increasing role 

of organic matter cycling as suggested for bioavailable P above. In fact, the increase in Po 

percentage over time may reflect an important stage in forest development for maintaining 

available P over the long-term, (Wells and Jorgensen, 1975; Walker and Syers, 1976; Roberts et 

al., 2015). In a steady-state forest, soil mineral P proportion is estimated to be less than 20% of 

total P uptake with most forest P demand being supplied by OM recycling, whether through surface 

litter or subsurface root litter (Wells and Jorgensen, 1975; Attiwill and Adams, 1993; Roberts et 

al., 2015). Our estimation showed the total Po pools (HCO3+NaOH) as a percentage of total soil P 

increased from ~25% to ~30% over the 1962 to 2017 period. Overall, the depletion of slowly 

cycling P between 1990 to 2017 was lower than that during 1962 to 1990 suggested here to reflect 

SOC accumulation and increased Po recycling.   

The concentrated HCl pool reflects another slowly cycling P fraction. HCl extracted-Pi 

(1M HCl+ Concentrated HCl) in 15-35 cm between 1962-2017 actually increased by 9.5 µg g-1 

(29 kg ha-1) while the other three soil layers did not show any significant changes (Fig. 4.3).  

Previous research in pastureland also found an 11µg g-1 increase in concentrated HCl-Pi in the 24-

46 cm soil layer between 1876 to 2009 (Crews and Brookes, 2014). P extracted with concentrated 
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HCl is associated with Fe and Al (Lilienfein et al., 2000; Crews and Brookes, 2014). As such, 

changes in soil clay content, especially Fe and Al (oxy)hydroxides contents might be associated 

with changing P contents in this fraction. In the case of Fe and Al (oxy)hydroxides, a changing 

soil environment after agricultural abandonment might also influence the crystallinity of these 

minerals and the surface adsorption potential for P (McLaughlin et al., 1981). Following this 

reasoning, we measured SRO Fe and Al with AAO and found a gradual increase from 1990 to 

2017 in all soil layers (Fig. 4.5). SRO Fe and Al had a negative relationship with Mehlich III-P (r 

<=-0.35) in the 0-60 cm (Supplementary Fig. 4.3A).  Besides the correlation between SRO Fe and 

Al with Mehlich III-P, the concentrated HCl-Pi pool and NaOH Pi showed a strong correlation 

with AAO-Fe and -Al (r= >0.69 and => 0.45, respectively) in 2005 and 2017 (Supplementary Fig. 

4.3B and C).  Our measurement of Fe and Al with concentrated HCl extracts for P indicated that 

there are high correlations between Fe and Al with P (r=0.91 and 0.93, respectively; 

Supplementary Fig. 4.4); correlation between the P and Ca in the same extraction were quite low 

(r=0.14). Changes in P fractions under an unfertilized perennial hay field showed a strong 

association between P and Fe, in which this correlation tended to increase with soil age (Selmants 

and Hart, 2010). In the current case, HCl-Pi content increase in the 15-35 cm layer may reflect 

some accumulation of clay in this upper portion of the Bt after agricultural abandonment or it may 

relate to changes in the crystallinity of the Fe and Al (oxy)hydroxides as the chemical environment 

changes with reforestation. 

4.3 Po and Pi in uncut plots 

According to the depletion of slowly cycling Po (NaOH extracted-Po) relative to no change 

or increase of HCO3 extracted-Po in the 0-60 cm soil layer from 1962 to 2017, the ratio of readily 

cycling Po/slowly cycling Po increased after 60 years of forest development (Fig. 4.4A). In contrast, 
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the more available Pi tends to significantly increase in only 35-60 cm depth over time. We 

hypothesized that increasing the content of SOC in surficial soil and transforming slowly cycling 

Po to highly available Po fractions (HCO3-Po) would cause the available Po to increase in upper 60 

cm over time. Enhancing OM in the surficial soil layer caused a decrease in soil pH over long time. 

Similarly, the SRO Fe and Al (AAO Fe and Al) content increased with forest development (Fig. 

4.5), but a negative correlation was shown between Fe and Al with Mehlich III-P (r <= -0.35) 

(Supplementary Fig. 4.3). Although, the SRO Fe and Al have higher surface area to react with P 

in low pH, accumulated organic matter in the surficial soil layer may saturate the Fe and Al surface 

inhibiting P adsorption and facilitating P leaching to deeper soil layers (Guppy et al., 2005).  A 

similar process of organic acid displacement of NaOH Pi from SRO Fe and Al oxide in the first 

soil layer (0-7.5 cm) leading to increasing Pi associated with Fe and Al in 7.5-35 cm layer during 

1962-1990 observation was proposed (Richter et al., 2006). 

4.4 Bioavailable P fractions in cut plots 

 The Mehlich III and labile P fractions slowly declined between 2005 to 2017 in the soils 

of the cut plot (Fig. 4.6). The rates of decline were similar to those in the uncut plots (Fig. 4.2). 

We hypothesized that the available P would increase in the soil after harvesting the 50-year-old 

loblolly pine stand due to release of P from the harvest debris and leaching into the mineral soil, 

which was not what was observed. It is possible that part of the mineralized P could be lost to the 

surface water in runoff prior to replanting. Previous research in the northeast of the US indicated 

that the loss of dissolved P in streamflow is small (0.03 kg ha-1 yr-1) in clear-cut forest watersheds 

even though this amount of P loss is three times more than undisturbed watersheds in the same 

area (Yanai, 1998). Retaining harvest debris on site is expected to reduce loss of nutrients and  

increase nutrition availability (Jurgensen et al., 1992; Blumfield and Xu, 2003). Although 
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increases in bioavailable P were not measured, a short-term increase in the ratio of labile to slowly 

cycling inorganic be pools (i.e., Resin+HCO3-Pi/NaOH-Pi) after harvesting may reflect rapid OM 

decomposition that increased available P pools, which decreased again after forest regrowth was 

initiated (Fig. 4.8B). Again, in the northeastern US the rate of P leaching after harvest increased 

from forest floor to the mineral soil to 1 kg ha-1 yr-1 (Yanai, 1998). This input is still below the 

annual uptake of 2.9 kg ha-1 P estimated for young pine at this site previously (Richter et al., 2006).  

The difference between Mehlich III decline and tree demand could be supplied with additional 

mineral soil organic matter mineralization (as opposed to surface organic matter) but overall, the 

observed changes in bioavailable P after harvesting did not decline as hypothesized. 

4.5 Slowly cycling and occluded P fractions in cut plots 

 In addition to increases in bioavailable P after cutting we expected to see increases in 

slowly cycling Po fractions. The content of slowly cycling Po in surficial soil (0-7.5 cm) in the cut 

plots from 2005 to 2017 increased 4.3 kg ha-1 (Table 4.3). The same pool did not change in the 

uncut plots over the same time and soil layer. This slowly cycling Po pool in the 0-60 cm layer of 

the uncut plots did decline significantly between 1957-1990 by 22.8 kg ha-1 (Richter et al., 2006).  

Our expectation, as above, was that decomposition of harvest residue would enrich soil Po 

fractions. In southeastern loblolly pine ~80% of organic matter and P may be lost from litterfall in 

10 years (Binkley, 2002). After clear-cut harvest, decomposition may be accelerated, for example, 

in a mixed boreal forest in Finland 49% of stored P in harvest residue was released in three years 

(Palviainen et al., 2004). As such, high rates of decomposition in the cut plots is expected and may 

influence a buildup of soil Po pools.  

In contrast with Po fractions, the Ca-associated with P (1M HCl) significantly declined by 

4.9 kg ha-1 in the 15-35 cm layer (Table 4.3). We expected the Ca-associated Pi to decline. The 1M 
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HCl Pi is presumed to increase with fertilization and Ca leaching with reforestation and soil re-

acidification is also expected.  In fact, Ca leaching with re-acidification was observed in the upper 

60 cm during forest growth in the uncut plots from 1962 to 1990 (Richter et al., 1994) as was 

depletion of this HCl Pi fraction by 7.6 kg ha-1 (Richter et al., 2006). In the O horizon in the uncut 

permanent plots Ca continued to increase between 1990-2010 (Bacon, 2014). Based on the 

previous research and data from the cut plots, the Ca associated P fraction continued to decline 

after harvest. 

Unlike the Ca-associated P fraction, the occluded P content (concentrated HCl extracted-

Pi) increased 3.3 kg ha-1 in 7.5-15 cm after 2005 (Fig. 4.7 and Supplementary Table 4.2). A similar 

increase was seen in the uncut plots between 1990-2017 but at 15-35 cm (Table 4.3). This occluded 

P fraction also increased in the surficial soil layer of an Oxisols during 15 years of forest growth 

from 149 to 190 µg g-1 (Townsend et al., 2002). As noted above, this P fraction is related to strong 

bonding with Fe and Al (Lilienfein et al., 2000; Crews and Brookes, 2014), although some 

researchers suggest this pool is related to P associated with Ca from primary minerals (Tiessen and 

Moir, 1993; Richter et al., 2006) . Correlation between Fe, Al, and Ca with P in the concentrated 

HCl extracts of this study demonstrate a much stronger association with Fe and Al (Supplementary 

Fig. 4.4). Further, this study suggests over decades slowly cycling P bound to Fe and Al 

(oxy)hydroxides may respond to changing soil environments.  

Overall, the more available Pi and Po after regrowth of the forest increased in soil compared 

to the slowly cycling Pi and Po due to higher SOC and lower soil pH over time. The pattern of P 

changes for more than 60 years forest development, from seedling to mature trees, on previous 

agricultural land showed the available P fractions had minor declined, especially in the first 

decades. The Ca associated with P fraction had the highest depletion during the several first 
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decades; however, the P associated with Fe and Al declined more in the last few years. After the 

establishment of forest growth and forest floor, the biological cycle has been supplied forest tree. 

The total soil P declined was 34 kg ha -1 in the last 27 years which is less than the amount of P 

required from trees and accumulated in OM.  

 

5. Conclusion 

Quantifying the legacy effect of agricultural P fertilization on P distributions during 

afforestation requires quantification of slowly cycling P over decades. Phosphorus fractionation 

indicated that slowly cycling P, enriched through P fertilization, contributed to the resupply of 

available P for more than 60 years of forest growth. The growing forest built an O horizon and 

increased Po fractions relative to the total P in the surficial soil over time. Harvesting and replanting 

of the 50-year-old forest also demonstrated increased Po fractions in the surficial soil layer. The 

long-term soil experiment continues to inform our understanding of the role of slowly cycling P 

fractions in maintaining the balance between available soil P and forest demand and the effect of 

harvesting and replanting forest on soil P fractions.   
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Table 4.1. Soil phosphorus transfers and translocations over 55 years (1962-2017) of forest development for eight permanent uncut 

plots based on Hedley fractions. Only statistically significant gains or losses in 0-60 cm depth are included. Calhoun Experimental 

Forest, South Carolina. 

 

Soil P fractions 

 

 1962-1990 

(t-test)* 

soil P (kg ha-1) 

1962-1990 

(ANOVA) 

soil P (kg ha-1) 

1990-2017 

(27 year) 

soil P (kg ha-1) 

1962-2017  

(55 year) 

 soil P (kg ha-1) 

Resin Pi Labile, exchangeable 0.0 0.0 -12.8 -11.7 

HCO3 Pi Labile, adsorbed +22.0 +22.0 -5.4 +18.8 

HCO3 Po Readily mineralizable 0.0 0.0 +10.7 +15.9 

NaOH Pi Pi associated with Fe and Al -3.4 

(0-7.5, 15-35 cm) 

-14.8 

(0-7.5 cm) 

-10.7 -66.7 

NaOH Po Slowly mineralizable -22.8 -22.8 +2.7 -26.6 

1 M HCl Pi associate with Ca -7.6  

(0-15 cm) 

-5.5 

 (0-7.5 cm) 

0.0 -8.0 

Concentrated HCl Pi Stable Pi associate with crystalline Fe -52.2  

(0-15, 35-60 cm) 

0.0 

 

+29.8 +20.1 

Residual P Recalcitrant organic and mineral 0.0 0.0 0.0 0.0 

Total P Sum of statistically significant change -63.0 -21.2 +14.3 -58.2 

*1962-1990 data reported in previous published paper Richter et al. (2006)       
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Table 4.2. Soil phosphorus changes from 1962 to 2017 in eight permanent 

uncut plots at the Calhoun Experimental Forest, South Carolina. The post 

hoc P-value was obtained following ANOVA results in Supplementary 

Table 4.1 using Tukey test.  

  1962 2017  

 Mean SE Mean SE 
P-value 

 µg g-1 µg g-1 µg g-1 µg g-1 

Resin.Pi      

0-7.5 12.6 1.09 5.31 1.10 7.25e-8 

7.5-15 10.7 1.47 7.04 1.48 0.0096 

15-35 3.97 0.42 2.39 0.42 0.0963 

35-60 1.86 0.79 2.07 0.84 1.0000 

HCO3.Pi      

0-7.5 9.23 1.06 7.26 1.07 0.2652 

7.5-15 6.92 2.30 11.1 2.31 0.2956 

15-35 1.05 0.79 5.04 0.80 0.0013 

35-60 1.60 0.22 3.46 0.23 0.0001 

HCO3.Po      

0-7.5 8.35 0.92 8.23 0.92 0.9999 

7.5-15 7.39 0.92 7.44 0.92 1.0000 

15-35 3.39 0.40 5.59 0.40 0.0037 

35-60 2.03 0.31 4.60 0.31 8.69e-6 

NaOH.Pi      

0-7.5 39.0 3.10 16.6 3.10 1.14e-8 

7.5-15 35.6 4.22 31.7 4.23 0.9665 

15-35 20.9 3.09 29.7 3.09 0.2482 

35-60 46.8 4.09 35.4 4.12 0.0024 

NaOH.Po      

0-7.5 25.9 2.08 16.2 2.08 0.0007 

7.5-15 29.1 1.70 17.7 1.70 4.95e-8 

15-35 18.6 1.23 16.9 1.24 0.7899 

35-60 13.5 1.39 14.1 1.40 0.9947 

1MHCl.Pi      

0-7.5 7.48 0.70 2.19 0.70 5.82e-5 

7.5-15 4.94 0.52 2.43 0.52 0.0140 

15-35 1.25 0.17 1.20 0.17 0.9995 

35-60 0.48 0.31 0.81 0.31 0.9867 

Concentrated HCl.Pi      

0-7.5 11.8 1.71 12.0 1.72 0.9999 

7.5-15 14.4 1.76 13.2 1.77 0.9896 

15-35 16.8 2.27 25.6 2.31 0.0105 
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35-60 58.1 5.97 56.3 6.03 0.9925 

Concentrated HCl.Po      

0-7.5 1.22 1.44 1.03 1.55 0.9999 

7.5-15 1.22 0.60 1.31 0.60 0.9990 

15-35 1.20 1.55 1.91 1.56 0.8960 

35-60 1.84 1.29 4.83 1.30 0.0969 

Residual      

0-7.5 19.8 5.16 24.2 5.19 0.8155 

7.5-15 20.0 5.45 22.7 5.45 0.9966 

15-35 30.9 7.04 44.9 7.13 0.3070 

35-60 74.6 10.9 103 10.9 0.4357 

Total Recovery (Sum)      

0-7.5 135 10.4 93.0 10.4 4.58e-5 

7.5-15 130 8.00 113 8.00 0.3563 

15-35 97.6 7.66 132 7.66 0.0043 

35-60 200 19.5 220 18.9 0.8282 

Total      

0-7.5 143 13.3 108 13.4 0.1139 

7.5-15 152 12.0 121 12.0 0.0348 

15-35 124 8.68 129 8.80 0.9639 

35-60 258 17.5 239 17.6 0.6940 
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Table 4.3. Soil phosphorus transfer and translocations over 12 years of forest 

development in eight permanent cut plots based on Hedley fractions. Only 

statistically significant gains (+) or losses (-) in 0-60 cm depth are included.  

Calhoun Experimental Forest, South Carolina. 

 

Soil P fractions 

 

 2005-2017 

(12 year) 

soil P (kg ha-1) 

Resin Pi Labile, exchangeable 0.0 

HCO3 Pi Labile, adsorbed -1.8 

HCO3 Po Readily mineralizable 0.0 

NaOH Pi Pi associated with Fe and Al 0.0 

NaOH Po Slowly mineralizable +4.3 

1 M HCl Pi associate with Ca -4.9 

Concentrated HCl Pi Stable Pi associate with crystalline Fe +3.4 

Residual P Recalcitrant organic and mineral -38.3 

Total P Sum of statistically significant change -37.3 
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Table 4.4. Soil phosphorus changes from 2005 to 2017 in eight 

permanent cut plots at the Calhoun Experimental Forest, South Carolina. 

The post hoc P-value was obtained following ANOVA results in 

Supplementary Table 4.2 using Tukey test. 

  2005 2017  

 Mean SE Mean SE 
P-value 

 µg g-1 µg g-1 µg g-1 µg g-1 

Resin.Pi      

0-7.5 7.86 1.46 5.48 1.46 0.072 

7.5-15 9.11 2.00 7.42 1.98 0.271 

15-35 1.51 0.79 1.52 0.78 0.999 

35-60 0.73 0.39 0.85 0.38 0.853 

HCO3.Pi      

0-7.5 8.35 1.79 7.60 1.78 0.495 

7.5-15 11.0 2.45 9.70 2.45 0.169 

15-35 4.99 0.91 4.87 0.91 0.976 

35-60 3.68 0.16 3.18 0.16 0.035 

HCO3.Po      

0-7.5 8.95 0.81 8.23 0.81 0.803 

7.5-15 7.90 0.71 7.93 0.71 0.999 

15-35 7.22 1.17 5.66 1.17 0.592 

35-60 4.71 0.61 5.00 0.61 0.939 

NaOH.Pi      

0-7.5 20.9 7.18 23.8 7.18 0.456 

7.5-15 31.6 8.69 34.7 8.69 0.447 

15-35 27.6 3.55 25.3 3.55 0.739 

35-60 42.1 4.83 39.8 4.83 0.861 

NaOH.Po      

0-7.5 15.6 1.65 19.4 1.65 6.4e-6 

7.5-15 16.2 1.65 19.6 1.65 0.323 

15-35 17.9 1.19 18.6 1.19 0.709 

35-60 14.3 1.59 14.2 1.59 0.995 

1MHCl.Pi      

0-7.5 1.88 0.32 2.17 0.32 0.795 

7.5-15 1.99 0.29 1.84 0.29 0.926 

15-35 2.82 0.37 1.21 0.37 0.017 

35-60 2.61 0.57 1.77 0.57 0.557 

Concentrated HCl.Pi      

0-7.5 9.39 1.51 9.90 1.51 0.925 

7.5-15 10.8 1.87 13.7 1.87 0.027 

15-35 23.9 4.88 24.6 4.88 0.984 

35-60 44.9 6.91 50.6 6.91 0.130 
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Concentrated HCl.Po      

0-7.5 2.93 0.59 2.40 0.59 0.867 

7.5-15 2.79 0.51 3.01 0.51 0.649 

15-35 3.53 0.88 3.72 0.88 0.996 

35-60 4.57 1.18 5.27 1.18 0.772 

Residual      

0-7.5 60.2 8.24 29.5 8.24 0.073 

7.5-15 66.9 9.52 33.3 9.52 0.003 

15-35 75.6 15.7 61.1 15.7 0.678 

35-60 97.7 10.6 78.4 10.6 0.051 

Total Recovery (Sum)      

0-7.5 133 10.7 106 10.7 0.047 

7.5-15 158 20.4 129 20.4 0.057 

15-35 163 13.0 142 13.1 0.283 

35-60 211 19.1 194 19.1 0.005 

Total      

0-7.5 162 15.2 123 15.2 0.089 

7.5-15 186 23.3 149 23.3 0.471 

15-35 189 18.0 153 18.0 0.612 

35-60 228 20.9 221 20.9 0.936 
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  1962 1990 2005 2010 2017 

 

 Mean SE Mean SE Mean SE Mean SE Mean SE 
P-value 

 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1 

Resin.Pi            

0-7.5 12.6 1.09 12.9 1.09 7.98 1.09 7.17 1.09 5.31 1.10 5.76e-10 

7.5-15 10.7 1.47 10.9 1.51 11.1 1.47 10.8 1.47 7.04 1.48 0.0006 

15-35 3.97 0.42 3.75 0.42 0.62 0.42 1.59 0.42 2.39 0.42 4.8e-6 

35-60 1.86 0.79 1.58 0.79 0.33 0.78 1.00 0.79 2.07 0.84 0.4709 

HCO3.Pi            

0-7.5 9.23 1.06 10.4 1.06 8.91 1.06 7.49 1.06 7.26 1.07 0.0029 

7.5-15 6.92 2.30 16.6 2.39 11.6 2.30 14.0 2.30 11.1 2.31 0.0035 

15-35 1.05 0.79 4.57 0.79 4.19 0.79 4.65 0.79 5.04 0.80 0.0010 

35-60 1.60 0.22 2.23 0.24 3.22 0.22 3.48 0.22 3.46 0.23 6.83e-6 

HCO3.Po            

0-7.5 8.35 0.92 6.68 0.92 9.26 0.92 8.96 0.92 8.23 0.92 0.1708 

7.5-15 7.39 0.92 5.89 0.92 8.41 0.92 7.93 0.92 7.44 0.92 0.2791 

15-35 3.39 0.40 3.25 0.40 6.63 0.40 6.02 0.40 5.59 0.40 4.78e-07 

35-60 2.03 0.31 1.64 0.33 5.75 0.31 5.09 0.31 4.60 0.31 1.6e-11 

NaOH.Pi            

0-7.5 39.0 3.10 25.9 3.10 19.0 3.10 13.6 3.10 16.6 3.10 1.88e-10 

7.5-15 35.6 4.22 37.4 4.22 35.7 4.22 35.9 4.22 31.7 4.23 0.9072 

15-35 20.9 3.09 24.5 3.09 26.5 3.09 22.7 3.09 29.7 3.09 0.2951 

35-60 46.8 4.09 41.2 4.09 43.5 4.08 44.8 4.09 35.4 4.12 0.0021 

NaOH.Po            

0-7.5 25.9 2.08 16.44 2.08 14.8 2.08 15.9 2.08 16.2 2.08 5.78e-5 

7.5-15 29.1 1.70 18.58 1.70 16.1 1.70 16.8 1.70 17.7 1.70 3.23e-9 

Supplementary Table 4.1. Soil phosphorus changes from 1962 to 2017 in eight permanent uncut plots at 

the Calhoun Experimental Forest, South Carolina. 
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15-35 18.6 1.23 16.22 1.23 16.6 1.23 17.6 1.23 16.9 1.24 0.5262 

35-60 13.5 1.39 14.66 1.39 13.12 1.39 14.0 1.39 14.1 1.40 0.1571 

1MHCl.Pi            

0-7.5 7.48 0.70 2.63 0.70 2.25 0.70 2.35 0.70 2.19 0.70 9.55e-6 

7.5-15 4.94 0.52 3.09 0.52 2.76 0.52 2.59 0.52 2.43 0.52 0.0116 

15-35 1.25 0.17 1.02 0.17 1.29 0.17 1.28 0.17 1.20 0.17 0.7268 

35-60 0.48 0.31 0.59 0.31 1.04 0.31 1.57 0.31 0.81 0.31 0.1571 

Concentrated HCl.Pi           

0-7.5 11.8 1.72 8.52 1.71 7.59 1.71 9.44 1.71 12.0 1.72 0.2382 

7.5-15 14.4 1.77 10.0 1.76 8.92 1.76 18.5 1.76 13.2 1.77 0.0047 

15-35 16.8 2.31 15.2 2.27 23.8 2.27 24.3 2.27 25.6 2.31 0.0002 

35-60 58.1 6.18 46.0 5.98 52.2 5.97 55.7 5.97 56.3 6.03 0.2466 

Concentrated HCl.Po           

0-7.5 1.22 1.44 1.22 1.44 2.18 1.44 0.80 1.44 1.03 1.55 0.4711 

7.5-15 1.22 0.60 1.22 0.60 3.01 0.60 0.43 0.60 1.31 0.60 0.2520 

15-35 1.20 1.55 1.20 1.55 3.34 1.55 5.70 1.55 1.91 1.56 0.6785 

35-60 1.84 1.29 1.84 1.29 8.16 1.29 3.51 1.29 4.83 1.30 0.0018 

Residual            

0-7.5 19.8 5.16 19.8 5.16 35.9 5.16 11.2 5.16 24.2 5.19 6.21e-5 

7.5-15 20.0 5.45 20.0 5.45 43.4 5.45 20.8 5.45 22.7 5.45 0.0261 

15-35 30.9 7.04 30.9 7.04 46.4 7.04 47.4 7.04 44.9 7.13 0.0601 

35-60 74.6 10.9 74.6 10.9 89.1 10.9 79.6 10.94 103 10.9 0.4479 

Total            

0-7.5 143 13.3 118 13.3 118 13.3 102 13.3 108 13.4 0.0661 

7.5-15 152 12.0 131 12.0 146 12.0 142 12.0 121 12.0 0.0382 

15-35 124 8.68 120 8.68 143 8.68 152 8.68 129 8.80 0.0026 

35-60 258 17.5 228 17.5 243 17.5 223 17.5 239 17.6 0.2427 
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  2005 2010 2017  

 Mean SE Mean SE Mean SE P-value 

 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1 µg g-1  

Resin.Pi        

0-7.5 7.86 1.46 7.35 1.46 7.35 1.46 0.071 

7.5-15 9.11 2.00 7.10 1.98 7.10 1.98 0.168 

15-35 1.51 0.79 2.10 0.78 2.10 0.78 0.721 

35-60 0.73 0.39 0.35 0.38 0.35 0.38 0.151 

HCO3.Pi        

0-7.5 8.35 1.79 8.58 1.78 7.60 1.78 0.337 

7.5-15 11.0 2.45 11.6 2.45 9.70 2.45 0.041 

15-35 4.99 0.91 5.62 0.91 4.87 0.91 0.466 

35-60 3.68 0.16 3.62 0.16 3.18 0.16 0.029 

HCO3.Po        

0-7.5 8.95 0.81 9.29 0.81 8.23 0.81 0.644 

7.5-15 7.90 0.71 7.98 0.71 7.93 0.71 0.997 

15-35 7.22 1.17 5.12 1.14 5.66 1.17 0.329 

35-60 4.71 0.61 4.89 0.60 5.00 0.61 0.943 

NaOH.Pi        

0-7.5 20.9 7.18 18.6 7.17 23.8 7.18 0.038 

7.5-15 31.6 8.69 29.1 8.67 34.7 8.69 0.139 

15-35 27.6 3.55 25.0 3.54 25.3 3.55 0.672 

35-60 42.1 4.83 36.3 4.81 39.8 4.83 0.403 

NaOH.Po        

0-7.5 15.6 1.65 17.3 1.65 19.4 1.65 0.10e-5 

7.5-15 16.2 1.65 17.3 1.65 19.6 1.65 0.339 

15-35 17.9 1.19 17.9 1.19 18.6 1.19 0.683 

35-60 14.33 1.59 14.9 1.59 14.2 1.59 0.774 

Supplementary Table 4.2. Soil phosphorus changes from 2005 to 2017 in eight 

permanent cut plots at the Calhoun Experimental Forest, South Carolina. 
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1MHCl.Pi        

0-7.5 1.88 0.32 2.28 0.32 2.17 0.32 0.644 

7.5-15 1.99 0.29 2.91 0.29 1.84 0.29 0.037 

15-35 2.82 0.37 2.37 0.37 1.21 0.37 0.017 

35-60 2.61 0.57 2.07 0.57 1.77 0.57 0.579 

Concentrated HCl.Pi        
0-7.5 9.39 1.51 11.7 1.48 9.94 1.51 0.345 

7.5-15 10.8 1.87 15.4 1.85 13.7 1.87 0.002 

15-35 23.9 4.88 29.1 4.86 24.6 4.88 0.429 

35-60 44.9 6.91 57.1 6.89 50.6 6.91 0.003 

Concentrated HCl.Po        
0-7.5 2.93 0.59 0.88 0.59 0.59 29.5 0.018 

7.5-15 2.79 0.51 1.04 0.51 0.51 33.3 0.009 

15-35 3.53 0.88 3.34 0.88 0.88 61.0 0.062 

35-60 4.57 1.18 4.55 1.17 1.18 78.0 0.076 

Residual        

0-7.5 60.2 8.24 26.7 8.10 29.5 8.24 0.043 

7.5-15 66.9 9.52 35.9 9.36 33.3 9.52 0.002 

15-35 75.6 15.7 43.7 15.7 61.1 15.7 0.231 

35-60 97.7 10.6 69.3 10.5 78.4 10.6 0.004 

Total Recovery (Sum)        

0-7.5 134 10.7 104 10.5 107 10.7 0.026 

7.5-15 158 20.4 128 20.3 129 20.4 0.034 

15-35 163 13.1 134 12.8 142 13.1 0.121 

35-60 211 19.1 190 19.1 194 19.1 0.001 

Total        

0-7.5 162 15.2 119 15.0 123 15.2 0.049 

7.5-15 186 23.3 131 22.5 149 23.3 0.130 

15-35 189 18.0 166 18.0 153 18.0 0.284 

35-60 228 20.9 223 20.8 221 20.9 0.938 
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Figure 4.1. Long-term Soil Experiment (LTSE) established in 1957 as a loblolly pine (Pinus taeda L.) spacing study with 

four blocks and four different spacings at the Calhoun Experimental Forest. In 2007, 6 and 12 ft spacings of each block 

were harvested and replanted in 2009 (“cut plots”) whereas 8 and 10 ft spaces were not cut (“uncut plots”). 
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Figure 4.2. Mehlich III extractable phosphorus concentration (mean ± SE) for four soil depths (0-7.5, 7.5-15, 15-35, 

and 35-60 cm) in eight permanent, uncut plots at the Calhoun Experimental Forest, South Carolina. Sample size for 

each depth within each year = 8 (soil samples were not collected from >15 cm depth in 1968). The extractable P from 

1962-2005 was measured and reported in a previous paper (Richter et al., 2006). 
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Figure 4.3. Soil phosphorus fractions (mean ± SE) in 8 permanent, uncut plots for the four soil layers (0-7.5, 7.5-15, 15-

35, and 35-60 cm) at the Calhoun Experimental Forest, South Carolina over five decades. Sample size for each depth 

within each year = 8.  
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Figure 4.4. Relatively labile inorganic and organic phosphorus fractions relative to slower cycling fractions (mean ± SE) in 8 

permanent uncut plots at the Calhoun Experimental Forest, South Carolina. 
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Figure 4.5. Acid Ammonium Oxalic extractable Fe and Al in four-soil layer of 8 uncut plots at the Calhoun Experimental 

Forest, South Carolina. 

Figure 4. Changes in relatively labile inorganic and organic phosphorus fractions relative to slower cycling these fractions in 8 permanent 

never-cut plots at the Calhoun Experimental Forest, South Carolina.  
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Figure 4.6. Mehlich III extractable phosphorus concentration (mean ± SE) for the four soil layers 

in eight permanent cut plots at the Calhoun experimental Forest, South Carolina over five decades. 

Sample size for each depth within each year = 8. 
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Figure 4.7. Soil phosphorus fractions (mean ± SE) in 8 permanent cut plots for four soil layers at the Calhoun 

Experimental Forest, South Carolina. Sample size for each depth each within year = 8.  
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Figure 4.8. Relatively labile inorganic and organic phosphorus fractions relative to slower cycling fractions (mean ± SE) in 

8 permanent cut plots at the Calhoun Experimental Forest, South Carolina. 
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Supplementary Figure 4.1. Linear regression lines between Mehlich III phosphorus measured in 

2005 and 2017 of different samples collected from 8 permanent uncut plots in 1990, 1997, and 

2005. 
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Supplementary Figure 4.2. Linear regression lines between phosphorus fractions measured in 

2005 and 2017 of different samples collected from 8 permanent uncut plots in 1990 (Figures A-J). 
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Supplementary Figure 4.3. Regression line between phosphorus extracted with Mehlich 

III (Figure A), NaOH (Figure B), and Concentrated HCl (Figure C) with iron (Fe), and 

aluminum (Al) extracted with Acid Ammonium Oxalic (AAO) of 8 permanent uncut plots 

in 1997, 2005 and 2017 at the Calhoun Experimental Forest, South Carolina. 
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 Supplementary Figure 4.4. Regression line between phosphorus (P) with iron (Fe), 

aluminum (Al), and calcium (Ca) extracted with concentrated HCl of 8 permanent 

uncut plots from 2005 and 2017 at the Calhoun Experimental Forest, South Carolina. 
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CHAPTER 5 

THE IMPACTS OF HISTORICAL LAND USE ON PHSPHORUS MOVEMENT IN 

THE CALHOUN CRITICAL ZONE OBSERVATORY IN THE SOUTHEASTERN US 

PIEDMONT1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 M. Foroughi, J. Mallard, D. R. Nelson, L. A. Sutter, and D. Markewitz. To be submitted to Journal of Environmental 

Quality. 
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Abstract 

Human interactions with the critical zone through land use can alter soil phosphorus (P) 

cycling and distribution. These P changes occur through both time and space as P is taken up by 

plants, and as added P fertilizer is translocated downslopes throughout the soil profile by erosion 

and leaching. In the southeastern US Piedmont, a more than one-hundred-year period of forest 

clearing and farming that included P fertilization caused severe surface erosion prior to 

reforestation. This history resulted in elevated surface soil P in farmed ridge tops, even after 70 

years of reforestation, but little data exists on redistribution of this P downslope or down profile 

during these 70 years. The objective of this study is to investigate the effect of different land use 

histories on P losses over time. Combined with multiple years of current site data on soils, soil 

solutions, and stream waters from two small watersheds in the Calhoun Critical Zone Observatory 

(Calhoun CZO) in South Carolina, USA, we use the soil and water assessment tool (SWAT) to 

simulate different land use trajectories (mature deciduous forest, upland agriculture and lowland 

forest, agricultural land, afforestation with upland agriculture, pine forest, and mixed-forest) on P 

movement. We expected that P movement in watersheds during farming with fertilization would 

be high relative to forested conditions (mature deciduous, pine, or mixed) and that periods of 

agriculture with forest (upland agriculture with afforestation or lowland forests) would be 

intermediate. Also, we expected that intensive rainfall would accelerate surface erosion having a 

non-linear, positive effect on P redistribution. Results indicated the annual total P loss under 100% 

agriculture (3.7 kg ha-1yr-1) was six times greater than under 100% forest land cover (0.6 kg ha-

1yr-1) while intermediate conditions were only 1/3 of loss under agriculture. Furthermore, the 

model predicted range of P leaching in the soil profile was 0.036 to 0.1 kg ha-1 yr-1, which could 
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account for 7-20 kg ha-1 of vertical P movement over 200 years. This rate of leaching is consistent 

with differences in extractable soil P measured through 2m under farmed and never farmed 

locations. Simulation under high rainfall indicated more P could be mobilized during wet periods 

(i.e., hurricanes). These land use change simulations demonstrate how historical land use could 

impact soil P re-distribution downslope and down profile.     
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1. Introduction 

Transformation of forest land to agricultural use and return to forest cover has left a legacy 

of impacts on forest soils (Richter and Markewitz, 2001; McLauchlan, 2006). Land use and land 

management influence soil chemistry, soil erosion, and soil nutrient runoff to surface water (Johnes 

and Heathwaite, 1997; Grieve, 2001; Wang et al., 2010). Given a period of agricultural crop 

production and fertilization, these activities have particularly influenced soil P and its landscape 

distribution (Alt et al., 2011; Aguiar et al., 2013; Foroughi et al., in review). A variety of attributes 

and actions impact P movement in watersheds such as inherent soil P concentration, P loading to 

the soil through fertilization or organic amendments, watershed land cover and clearing, tillage, 

topography, soil erodibility, and precipitation quantity and intensity (Dillon and Kirchner, 1975; 

Sharpley et al., 1981; Osborne, 1988; Sharpley and Smith, 1990). For example, Sharpley et al. 

(1996) demonstrated how P loading that results in Mehlich III soil P concentrations of >200 mg 

kg-1 are excessive and likely to generate P runoff. Similarly, Elrashidi et al. (2005) exhibited 

increased water (1122 vs 939 m3 ha-1) and P (217 vs 190 g-P ha-1) runoff in croplands compared 

to native grasslands. Finally, Sharpley (1985) revealed a clear link between increasing rainfall 

intensity (50-150 mm h-1) and slope (2-20%) with the effective depth of surface soil generating P 

runoff (2-14 mm).  

  Two centuries of land use history in the eastern US has followed a trajectory of forest to 

agriculture to afforestation that has extensively influenced soil properties (Compton and Boone, 

2000; Foster et al., 2003). The southeastern Piedmont of the US was particularly altered due to an 

extended era of cotton farming (Wear and Greis, 2013). Land use and land management changed 

in the Southeast from the 1700s to 1800s with a transition from mature forest to crop land. 

Subsequently, the abandonment of agricultural land to afforestation occurred after the 1900s 
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(Brender, 1952; Cowell, 1998). More than half of the Eastern forest of the US was cleared and 

converted to farm, pasture, and industry in the 17th century (Williams, 1992). By the 18th century, 

however, the proportion of agricultural land in the southeastern Piedmont of the US began to 

decline (Hart, 1980). For example, coniferous and deciduous forest covered less than 19% of the 

Georgia Piedmont in the 1930s when agricultural land comprised 81% (Turner and Ruscher, 1988). 

By 1980, agricultural land declined to 36% whereas the coniferous forest distribution increased to 

41%.  Recently, in 2016 forests covered more than 67% of Georgia and South Carolina (Vogt and 

Smith, 2017).  

Well-known soil legacies of this history of land clearing and farming in the southeastern 

US include excessive surface soil erosion (Ireland et al., 1939; Hall, 1949; Trimble, 1974) and P 

enrichment (Richter and Markewitz, 2001; Richter et al., 2006). Nearly 17 cm of surface soil is 

estimated to have eroded from hillslopes in the Southeast between 1750-1950 (Trimble, 2008). 

During this period, there was increasing P fertilization in upland locations (Ruffin, 1852) and 

surface soil available P is still elevated due to these practices (Richter and Markewitz, 2001).  For 

example, in the Piedmont of South Carolina in 2017, when comparing hardwood forest soils that 

were never farmed to forest soil under 70-year-old afforesting crop fields available soil P was still 

50-100% greater (4 to 6 ug-P g-soil-1 in surface soil or 2 to 4 ug-P g-soil-1 in subsoil); a difference 

evident through 2 m of soil (Foroughi et al., in review). Phosphorus enrichment in the top-soil 

layers of agricultural land can lead to P leaching loss and P movement with soil erosion (Hurtt et 

al., 2006), and a strong correlation between agricultural land use and P movement into streams has 

been demonstrated (Nielsen et al., 2012). On the other hand, in the South Carolina location noted 

above, after 70 years of afforestation soil solution P was lower in abandoned sites compared to the 

never farmed reference and 1st order streams in afforested watersheds were typically < 1 µmol P 
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L-1 (Foroughi et al., in review).  The mechanism for high P fluxes during agriculture transitions to 

low P fluxes under afforestation while retaining elevated soil P is difficult to resolve given a lack 

of long-term measurements. 

 Recent reviews of agricultural legacies on soil and solution P (MacDonald et al., 2012; 

Deng et al., 2017; Goyette et al., 2018) have all addressed the dichotomy observed above of the 

potential for high P loss during agricultural use but with a long-term persistence of soil P 

enrichment, which suggests limited P losses. MacDonald et al. (2012), for example, using a meta-

analysis of 94 studies demonstrated a clear increase in soil P in abandoned agricultural land 

compared to reference sites with no farming history (similar to results documented above for South 

Carolina) but also found that abandoned areas, depending on land use, had lower soil P than current 

agricultural areas.  This suggests that although soil P is enriched after abandonment some soil P 

continues to be lost and land use might influence the rate of loss.  Deng et al. (2017) specifically 

looked at abandoned agricultural areas in 220 independent sampling sites that had been afforesting.  

In these areas, they noted an overall decline in total soil P content (12% on average) with 

afforestation but no measurable change in available P concentrations (~27 µg-P g-soil-1), 

highlighting a continued loss of P but also a buffering of the available P pool (Schmidt et al., 1997; 

Richter et al., 2006). They also highlighted that total P declined most in afforesting tropical sites 

suggesting that rainfall inputs may play an important role in P loss.  Finally, Goyette et al. (2018) 

reconstructed 110 years of P fluxes in 23 watersheds and concluded that the time to eliminate 

legacy P in runoff might range from 100 to 2000 years. They also suggest this variance is a function 

of rainfall and land use.   

In the southeastern US Piedmont today, we find P enriched soils through 2 m but also 

limited soil solution P and first order stream water P concentrations (Foroughi et al., in review). 
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The quantify of P lost to streams or leached through the soil profile when these lands where 

transforming from active agricultural to afforestation over a 200-year period is not well known. 

Modeling P solution fluxes through soils and to streams during these land use changes may help 

us to understand these land use dynamics (Veldkamp and Verburg, 2004). Previous modeling 

studies have investigated the impact of future land use and climate changes on runoff and P flows 

(Wilson and Weng, 2011; Mehdi et al., 2015; Jiang et al., 2018). For example, Mehdi et al. (2015) 

highlighted how combining land use and climate change scenarios could increase loss of total P 

by 8-foldcompared to climate change scenarios alone.  Similarly, Wilson and Weng (2011)  tested 

the effect of future urban land use and climate changes on water quality in the Chicago 

metropolitan area. They found that total P concentration should decline in watershed streams as a 

result of a reduction in agricultural land (2-18%), industrial (1-3%), medium density residential 

(4-7%), or low density residential (2-7%) uses.   

 The objectives of this modeling study were to:1) assess the legacy effect of land use 

changes on the surface and subsurface movement of P and 2) determine the impact of precipitation 

inputs on surface and subsurface P movement under these different land use scenarios. We 

expected that cultivation and P fertilization would cause P movement to the surface water due to 

runoff and soil erosion. Thereafter, loss of P would decrease with agricultural land abandonment 

and afforestation. In addition, during this period we expected part of the applied fertilizer P would 

be leached through the soil profile. We also expected that total P fluxes would be increased when 

the precipitation rate was increased, especially when land was still under agricultural use due to 

more soil and sediment runoff to the stream. Finally, we hypothesized that leaching of soluble P 

would be greater in afforested land because of historical agricultural use.  
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2. Methods 

2.1 Study site 

Our study watersheds, W4 of 8.75 ha and W3 of 10.3 ha, are situated in the Calhoun Critical 

Zone Observatory (Calhoun CZO) within the Sumter National Forest (34° 7' 55.36" N, 82°18' 

36.17" W) in Union County, SC (Fig. 5.1). Elevation ranges from 125 to 172 m and nearly 85% 

of the watershed slope is 0-30% (Fig. 5.2). The average temperature and annual precipitation of 

this region between 2011-2018 was 17°C and 1185 mm, respectively (Clinton, SC; 

https://www.ncdc.noaa.gov/cdo-web/). Approximately, 93% of this watershed is covered by forest 

(deciduous and pine) and 7% by grasses (Fig. 5.2).   

2.2 Land use history data and scenarios 

Land use history data for the Calhoun CZO revealed that hardwood forest declined from 

~85% to <10% between 1790 to 1910 while open land (i.e., agricultural land) increased to ~90% 

in 1910. Thereafter, between 1910 to 1940 open land declined to ~50% while hardwood and pine 

forest has developed slowly to cover ~25 and 10% of the landscape, respectively (Fig. 5.3). The 

data in Fig. 5.3 were derived from US Forest Service (USFS) archives that contained legal 

descriptions, maps, deed abstracts, and other records pertaining to land acquisition by the US 

Forest Service. At the time of purchase, the USFS recreated deed chains for each of the properties, 

going back to the original land grants, whenever possible. When land transactions occurred, 

whether through sale, inheritance, partitioning, or other mechanism, surveyors mapped the 

property using the metes and bounds system (Pettus, 1995). The metes and bounds surveys fixed 

property boundaries based on landscape features (including trees, rivers, and later, as trees became 

scarcer, stakes and rocks) and compass bearings. The land use data are from 60 out of 518, 

randomly selected properties. For each property, the landscape features were recorded for each 
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historical transaction, and later aggregated into hardwood, pine, open, and water categories. The 

category counts for each decade represented the sum of transaction records for the previous 10 

years (e.g., 1850 includes data from 1841-1850). The Calhoun Experimental Forest was covered 

with mixed hardwood forest before 1800, then the upland forest was converted to agricultural land 

(Ruffin, 1852; Gray and Thompson, 1933; Metz, 1958). Furthermore, farmers applied P fertilizer 

and lime to the land after intensive deforestation (Taylor, 1953; Sheridan, 1979). Most of the 

agricultural lands were abandoned and then converted to regrowth forest or pasture in the early 

20th century (Metz, 1958; Richter and Markewitz, 2001). Based on these specific records for the 

Calhoun CZO and other historical accounts for the region scenarios for model simulation where 

developed. 

Six land use scenarios were simulated (Fig. 5.4) to approximate the forest to cropland to 

afforestation trajectory. The starting watershed condition is covered with mature deciduous forest 

(FRSD). Thereafter, flatter, upland areas that were likely cleared first are converted to agricultural 

land for a mixed land use watershed (FRSD+AGRR). The next step assumes less desirable lands 

(i.e., steeper) were cleared and brought into agriculture such that 100% of watershed area is 

converted to agricultural land (AGRR). As economic and environmental conditions changed it is 

presumed some of the less desirable lands were abandoned and pine forests started to develop on 

these hillslopes (AGRR+FRSE). We then abandoned agriculture in the uplands and the whole 

watershed area is covered with pine forest (FRSE). Finally, the most recent land use that 

approximates current conditions is a mixture with the pine trees persisting in the flatter upland and 

hillslopes reverting to deciduous forest (FRSD+FRSE) (Fig. 5.4). The current land cover map 

contains around 7% grassland, but it was not considered for the simulation scenarios.  
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Each scenario is simulated for a ten-year period and the results are reported as an average 

over the ten-year period. Initial soil P was set at measured reference conditions (2 ug g-1). Reported 

rates of historical fertilization indicate that farmers normally applied 200-300 lb/ac (224-336 kg 

ha-1) fertilizer with 11-20-13 (N-P-K) or 500 to 600 lb/ac (560-673 kg ha-1) 4-10-6 fertilizer 

(Taylor, 1953; Sheridan, 1979). Based on these reports, agricultural land area in each scenario 

received annual inputs of 230 lb/ac (250 kg ha-1) fertilizer application of N-P-K (11-20-13). Initial 

soil P was increased to 20 ug g-1 after agricultural abandonment based on reported values  after 

afforestation on prior agricultural land at the Calhoun CZO (Richter et al., 2006). Similarly, 

available P was set to 5 ug g-1 for the current land use scenario based on measurements from the 

watersheds in 2017 (Foroughi et al., in review). All these land use scenarios were simulated based 

on two different precipitation conditions (i.e., normal and high). The normal precipitation was an 

annual input of 1169 mm, while the higher precipitation was 2688 mm. This is consistent with the 

highest rainfalls recorded between 1979-2014 (https://www.ncdc.noaa.gov/cdo-web/). 

2.3 SWAT model description 

The Soil and Water Assessment Tool (SWAT) was implemented to determine the influence 

of land management activity on streamflow (discharge), P loss into runoff, and P leaching in soil 

layers (Arnold et al., 1993; Arnold et al., 1998). The SWAT model predicts the effect of different 

land use and land management on the quantity and quality of water and soil over multiple years 

(Arnold et al., 1998; Neitsch et al., 2011). SWAT employs a daily time step that can be aggregated 

to report monthly output (Wilson and Weng, 2011). The study watershed is divided into sub-

watersheds based on a digital elevation model (DEM) and each sub-watershed includes multiple 

hydrological response units (HRU), which increases simulation accuracy. Each sub watershed and 

HRU has a unique soil type, land use, and slope. In addition, SWAT needs information on 

https://www.ncdc.noaa.gov/cdo-web/
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hydrology, maximum and minimum air temperature, precipitation, erosion, plant growth, initial 

nutrient concentrations, pesticide and fertilize inputs, and specific agricultural management 

(Gassman et al., 2007). In this study, we only tracked outputs for discharge, P loss into stream, 

and P leached in the soil profile. 

2.3 SWAT input data 

The ArcSWAT 2012 interface was used to build this model using a DEM with 1×1 m 

resolution, a land use map obtained from the National Land Cover Dataset (http://www.mrlc.gov), 

and the Soil Survey Geographic Database (SSURGO) extracted from the web soil survey 

(https://websoilsurvey.sc.egov.usda.gov/). Climate data were gathered from the National Oceanic 

and Atmospheric Administration (https://www.ncdc.noaa.gov/cdo-web/) using the nearby Clinton, 

SC station including maximum and minimum temperature, and precipitation. In addition, onsite 

precipitation data for 2015 and 2016 were available and utilized [(Mallard, 2017); unpublished 

data]. According to the soil map, most parts of the watersheds (87.8%) are loamy, mixed, active, 

thermic, shallow Typic Hapludalfs with a small portion (12.2%) of the upland as fine, mixed, 

active, thermic Ultic Hapludalfs (12.2%). The soil layers are generally A (=< 7.6 cm), E (7.6- 20 

cm), Bt or Be (15-53 cm), Bt1 (25-84 cm), or Bc (33-122 cm).  

2.4 Model calibration and validation 

Stream discharge was consistently measured in watersheds W3 and W4 during 2015-2017 

and these data were used to calibrate and validate the model for streamflow [(Mallard, 2018); 

unpublished data].  Furthermore, monthly stream samples were collected in these same watersheds 

to measure P concentration through 2014-2017. SWAT was calibrated using W4 for daily and 

monthly streamflow, monthly total P, and monthly inorganic P with the SWAT Calibration and 

Uncertainty Program (SWAT-CUP) version 5.2 using the SUFI2 (sequential uncertainty fitting) 

http://www.mrlc.gov/
https://websoilsurvey.sc.egov.usda.gov/?referrer=Citation.htm-HomeLink1
https://www.ncdc.noaa.gov/cdo-web/
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version 2 (Abbaspour et al., 2007; Abbaspour, 2013). The daily and monthly streamflow were 

initially calibrated with 15 parameters, then the P concentration parameters were calibrated. 

According to the calibration process, the sensitive parameters for streamflow and P were adjusted 

in SWAT (Table 5.1). The validation model was performed for daily and monthly discharge and 

monthly P for W3 with the same condition of soil type, land cover, hydrology, and slope (Fig. 5.2). 

The coefficient of determination (R2), Root Mean Square Error (RMSE), and Nash-Sutcliffe 

Efficiency (NSE) were used as the primary objective functions for calibration and validation.  

 

3. Result 

3.1 Calibration and validation 

The calibration between observed and simulated discharge in daily and monthly time steps 

were generally well correlated (Figure 5.5 and 5.6, respectively). Occasionally, peak observed and 

predicted discharge values were not well correlated, which may relate to the lack of onsite rainfall 

data. The correlation and NSE between daily observed and simulated streamflow were ≥0.59 for 

both W4 and W3 (Table 5.2). Similarly, the NSE of monthly calibration and validation for 

streamflow were 0.72 and 0.55, respectively (Table 5.2). Observed and simulated total P and 

inorganic P were also generally well aligned (Figure 5.7). The monthly calibration had NSE with 

a range of 0.39 for total P and 0.46 for inorganic P. For the validation the NSE ranged from 0.34 

to 0.31 for monthly total P and inorganic P, respectively (Table 5.2).  

3.2 Streamflow under land use and precipitation changes 

Using the calibrated model based on the current conditions described above we simulated 

the different land use change scenarios for discharge. The model simulation starting with FRSD 

found 38% (453 mm) of annual precipitation as runoff. As uplands were initially cleared 
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(FRSD+AGGR) runoff increased to 41% percent (482 mm). After 100% of the watershed was 

converted to agriculture (AGRR), runoff reached the highest amount of 563 mm or 48% as runoff 

(Fig. 5.8). During initial agricultural abandonment under AGRR+FRSE with secondary pine 

forests on the hillslope, runoff declined again to 37%. As land use reverted to fully forested 

conditions under FRSE and FRSE+FRSD runoff was 36% (418-420 mm). 

For the high rainfall simulations using the same land use scenarios, although the amount 

of precipitation increased only two-fold relative to average rainfall years, streamflow increased 

around three-fold.  Streamflow increased from 453 to 1371 mm per year under FRSD and from 

562 to 1620 mm with AGRR land cover (Fig. 5.8). The other forested conditions (FRSE, 

FRSE+FRSD) were similar to FRSD, which also shared greater similarity to the mixed land covers 

of FRSD+AGRR and AGRR+FRSE with lower increases than the 200% increase observed under 

AGRR. 

3.3 Patterns of P loss under land use and precipitation changes  

For total P runoff to streams, the results of the simulations from the different scenarios 

indicated that the total P loss increased by ~ six-fold from 0.6 to 3.7 kg ha-1 yr-1 when 100% mature 

hardwood forest (FRSD) was converted to 100% agricultural land (AGRR) that included 

application of P fertilizer (Fig. 5.8). This increase in P runoff from fully forested (FRSD) to fully 

agriculture (AGGR) followed a rising and falling pattern with land use conversion and recovery.  

In contrast to the discharge patterns mixed land uses had an intermediate level of P runoff 

compared to FRSD and AGGR. When upland portions of the watershed were agriculture, but the 

rest was covered with forest (FRSD+AGRR and AGRR+FRSE), the total P loss ranged from 1 to 

1.2 kg ha-1 yr-1. As land returned to fully forested (FRSE and FRSD+FRSE) loss of total P ranged 

from 0.6-0.9 kg ha-1 yr-1.      
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The response of total P loss to rainfall quantity indicated that the loss of P increased from 

0.6 to 1 kg ha-1 yr-1 on average when the watershed was covered with mature hardwood forest 

(FRSD).  Under higher rainfall, the total P loss increased by ~1.5 fold (1.2 to 1.7 kg ha-1) when 

uplands were initially cleared (FRSD+AGGR). The highest loss of total P occurred when the 

watershed was AGRR with high rainfall (4.46 kg ha-1). Thereafter, along the trajectory but still 

with higher rainfall, the total P loss to surface water increased from 1.0 to 1.6 kg ha-1 

(AGRR+FRSE). Finally, total P loss in forest land after complete abandonment of agricultural 

land (FRSE and FRSD+FRSE) increased from 0.9 to 1.2 kg ha-1 (FRSE) and 0.6 to 1.0 kg ha-

1(FRSD+FRSE) with two-fold higher rainfall (Fig. 5.8).  

Inorganic P runoff to streams followed the same pattern as total P under average 

precipitation conditions. The model predicted that inorganic P loss increased during forest clearing 

and conversion to agricultural land. Under FRSD inorganic P loss was 0.02 kg ha-1 while the 

highest loss of inorganic P was 0.18 kg ha-1 when the entire watershed was under cultivation (Fig. 

5.8). Again, inorganic P loss trended up and down with forest loss (FRSD+AGRR and AGRR) 

and recovery (AGRR+FRSE, FRSE, and FRSE+FRSD). Interestingly, inorganic P loss was higher 

under FRSE and FRSE+FRSD compared to FRSD, likely due to historical application of P to 

agricultural land that increased initial soil P in model parameterizations.  The content of inorganic 

P loss with the two-fold increase under high rainfall increased proportionally such that fluxes were 

50-60% higher for all land use scenarios.  

3.4 Soil P leaching  

The model predicted that 0.06 kg ha-1 of soluble P leached annually from the first soil layer 

to the second soil layer (below 7.5 cm) when land use was mature hardwood forest (FRSD). 

Leaching of P into the soil declined to 0.05 kg ha-1 when the upland part of the watershed converted 
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to agriculture (FRSD+AGRR). Phosphorus leaching was even slightly lower (0.036 kg ha-1) when 

the entire watershed was converted to agricultural land, AGRR. Leaching of soluble P increased 

to 0.092 kg ha-1 with early afforestation in most of the watershed (AGRR+FRSE). Similarly, P 

leached around 0.1 kg ha-1 when the watershed covered to pine forest (FRSE); however, it declined 

to 0.06 kg ha-1 after the watershed was covered with FRSE+FRSD mixed forest (Fig. 5.8). Under 

high precipitation P leaching increased by 0.05 to 0.27 kg ha-1 under FRSD, FRSD+AGRR, and 

FRSD+FRSE.  

The response of P leaching to high rainfall was increased P translocation to the second soil 

layer from 0.06 to 0.27 kg ha-1 when the watershed was FRSD and FRSD+AGRR. The highest 

content of leached P was associated with P leaching under AGRR, which increased from 0.036 to 

0.33 kg ha-1 when the amount of precipitation was two times greater than normal years. Under 

agriculture abandonment (AGRR+FRSE) P leaching increased 3-fold due to high rainfall. 

Similarly, P leaching increased from 0.1 or 0.05 kg ha-1 to >0.3 kg ha-1 FRSE and FRSD+FRSE, 

respectively (Fig. 5.8).    

  

4. Discussion 

Using model simulations, we tried to assess how the historic land use trajectory in the 

southeast US from forest to agriculture to afforestation may have influenced loading of P into 

streams and through soils over time. Furthermore, we wanted to assess how periods of high rainfall 

(or possibly individual events such as hurricanes) may have altered these rates of P runoff and 

leaching. Overall, our calibrations and validations of current surface runoff and P loss provide 

confidence that inference under historic scenarios should be possible (Figs. 5.5 and 5.6). Further, 

in general, patterns when converting mature hardwood forest to agricultural land that led to 
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increased P loss from surface soil to stream and increased with rainfall amounts are consistent with 

previous research and our expectation. Specifically, the results indicated 1) that the highest P loss 

occurred when the watershed was under agriculture with P fertilization; 2) soluble P leaching in to 

the soil increased after abandonment from agricultural, and 3) high rainfall simulations helped to 

accelerate P loss into stream and through soils. To address our objectives, however, we apply these 

outputs to help quantify the potential quantity of P movement to stream and into the soil profile 

along this historical trajectory.  

4.1 Land use and precipitation changes on streamflow 

The simulation of different land use scenarios with SWAT indicated that streamflow 

through the study watershed increased between 3 to 10% when 20% of the upland area was 

converted to agricultural use (Fig. 5.8). Decreasing forest or increasing agricultural cover in 

watersheds is consistently related to increases in stream flow (Hornbeck et al., 1993; Brown et al., 

2005). Less soil organic matter in and on the topsoil decreases the infiltration rate and low 

evapotranspiration from agricultural land compared with forest land both lead to a greater part of 

precipitation moving to surface runoff. In the current model simulation runoff increased 9-12% 

when 100% of the watershed was agricultural (AGRR) land in comparison with forest land use, a 

result within the range of previous studies. For example, a simulation on the effect of land use 

change on stream discharge in a Philippino watershed predicted an 11 to 17% increase in runoff 

volume when 50 or 100% of pasture cover was converted to agricultural land (Alibuyog et al., 

2009). Similarly, deforestation due to expanding urbanization or agricultural use from 1995 to 

2005 in Vietnam caused an increase in surface runoff of up to 160 mm (Ngo et al., 2015). Thus, it 

is evident that the conversion from forest to agriculture increased surface runoff and erosion in the 

Southeast during this trajectory of land use change.  
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The interaction of land use with precipitation rate on stream discharge varied across land 

use scenarios. When the annual precipitation rate increased two-fold the model predicted a runoff 

increase of 8.5-11.5% under forest and >12% increase under agricultural land. The greatest 

difference in percent runoff was between agricultural land with high precipitation compared with 

forest land use under average precipitation (Fig. 5.8). Both land use and precipitation affect 

streamflow as similarly demonstrated in a South Nation watershed in Ontario, Canada that had 

8.5-11.2% increase in streamflow due to precipitation changes and 1.2-2.6% increase in 

streamflow due to land use changes (El-Khoury et al., 2015). In another model simulation 

conducted in Brazil, watershed stream discharge decreased 39-57% due to a 20-32% reduction of 

precipitation (Von Randow et al., 2019). In a study in the southeast USA  the range of observed 

streamflow in Piedmont forest was 24-39 cm ha-1 yr-1 while the discharge from Piedmont 

agricultural land was 63-65 cm ha-1 yr-1 (Bradshaw et al., 2005). Overall, the simulated model 

prediction of increasing streamflow when mature hardwood forest (FRSD) was cleared and 

converted to AGRR followed by streamflow reduction with afforestation after abandonment of 

agricultural provide a solid basis for considering historic P movement.  

4.2 Land use and precipitation changes on P loss 

The impact of land use changes on inorganic and total P predicted that P loss to the stream 

increase annually around 42% for inorganic P and 50% for total P when 20% of the upland forests 

of the watershed were converted to agricultural land (Fig. 5.8). According to land use histories for 

the southern US Piedmont, watersheds similar to those in the Calhoun CZO were cultivated for 

~150 years.  This time trajectory suggests that ~560 kg ha-1 P could have been lost over a 150-year 

period in comparison to a similar period of forest (FRSD or FRSD+FRSE) cover where just 90 kg 

ha-1 would have exited. The greater loss of P to stream water in agricultural land results largely 
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due to annual applications of P fertilizer but harvesting activities, the loss of deep tree roots in 

forests, and the accelerated erosion of soil P with sediments also contribute. Multiple prior studies 

have quantified the role of current agricultural activities in causing soil erosion and transport of 

soil nutrients to streams (Sharpley and Withers, 1994; Carpenter et al., 1998).  

The accumulation of soil P when P fertilizer is applied to agricultural land increases the 

potential for P movement from soil to stream (Sharpley et al., 1996; Elrashidi et al., 2005). 

Historical research about the southeastern Piedmont reported that farmers added animal manure to 

the land until about 1870-1873 when superphosphate fertilizer production was begun in 

Charleston, SC (Sheridan, 1979). We used this information to simulate 250 kg ha-1 of 11-20-13 

fertilizer application or 50 kg ha-1 of P. Given the various sources of P (manure and 

superphosphate) as well as uncertain formulations of superphosphate it is hard to estimate exactly 

how much P as fertilizers was added to our Calhoun CZO watershed over 150 years.  If, however, 

we assumed sustained inputs of 50 kg ha-1 for 150 years the total input is 7,500 kg ha-1. Currently, 

measured total soil P through 2 m of soil with an agricultural history has ~4000-6000 kg ha-1 but 

this is not greater than profiles measured in areas without previous agriculture (Foroughi et al., in 

review). As such, we might expect high rates of P loss when 100% of the simulation watershed 

was agricultural land with 50 kg ha-1 P fertilization added to the surface soil. Under this condition, 

however, only 3.7 kg ha-1 yr-1 total P moved annually from soil to stream. In addition to stream 

export (3.7 kg ha-1 yr-1) plant P uptake may account for an additional ~5.8 kg ha-1 yr-1 of fertilizer 

inputs based on model output, which still leaves 82% of P fertilization in soil mineral stocks.  After 

70-yrs of afforestation, current total soil P measurements do not account for any of this un-exported 

fertilizer P.  
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Given the limited P loss relative to inputs noted above, we combined land use changes with 

precipitation conditions addressing whether periods of high rainfall (or specific high rainfall events 

such as hurricanes) may have a disproportionate effect on P loss. Under the simulated model 

conditions, the highest total P loss to the stream was 4.6 kg ha-1yr-1  when 100% of  forest (FRSD) 

was transformed to agricultural land (AGRR) with high precipitation, a loss  rate four-fold higher 

than under forest land use but only 25% higher than agriculture under average rainfall (Fig. 5.8). 

Increasing discharge in streams can dilute P concentrations but there is a strong correlation 

between stream flow volume and loss of P (r = 0.47 - 0.82), which persisted for all the different 

land use scenarios. Combining land use and precipitation changes can cause a larger increase in 

runoff and nutrient loss to streamflow (Tong et al., 2012). For example, in Pheasant Branch 

watershed Dane County, Wisconsin total P movement increased 6-fold during a storm event 

compared to a period of average rain fall (7 kg ha-1 yr-1) when comparing pastureland and 

cultivated crop land (Huisman and Karthikeyan, 2012). Similar storm event sampling in 

pastureland in the Georgia Piedmont showed an average of 0.062-0.18 kg total P movement to 

streams per day that increased to 0.47 kg just after each storm (Byers et al., 2005).  

In the Calhoun CZO, changing land use history under high rainfall conditions could 

account for 735 kg ha-1 total P loss over 150 year when the watershed was agricultural land 

compared to 560 kg ha-1 total P loss under average condition reported above. Thus, loss P into 

stream and plant uptake could account around 1600 kg ha-1 P over 150 years when watershed was 

agriculture land. After agricultural abandonment and afforestation 69 kg ha-1 P could be lost over 

70 years under the high rainfall situation compared to ~55 kg ha-1 P under average rainfall. The 

high rainfall simulation indicates that to the extent these years or events occurred they likely drove 

more P from the watershed, but the differences estimated here still do not account for 7,500 kg ha-
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1 of fertilizer P inputs. Suggesting lower P inputs or underestimated loss rates over this land use 

trajectory.  

4.3 Land use and precipitation changes on P leaching through soil  

While land use changes influence P movement with surface runoff, both through soil 

erosion and dissolved in surface runoff, a part of P movement is vertical as solution leaching 

through the soil profile. The simulation of land use scenarios predicted P leaching rates to the 

subsurface layer (i.e., below 7.5 cm) of 0.05-0.08 kg ha-1 yr-1. In contrast with P in runoff that was 

highest under AGRR, rates of P leaching were lowest in AGRR being 28% less than under forest 

land uses. When the watershed was afforesting to AGRR+FRSE and FRSE, P leaching into the 

subsurface was greater than under other land uses (Fig. 5.8). Less volume of surface runoff was 

predicted under forest land uses due to greater surface infiltration compared with agricultural land 

that resulted in increased P leaching. The amount of P leaching is influenced by land cover,  

management activities, and the quantity of fertilizer application (Leinweber et al., 1999). 

Hydrologic flow rates are also a primary driver with P moving slowly through the soil profile 

under low flow (Akhtar et al., 2003). Finally, soil clays including iron and aluminum oxides can 

fix or adsorb P slowing it’s down profile movement (Parfitt, 1978). 

Consistent with historical land use changes in the Calhoun CZO, we previously found 

elevated extractable P in upper (0-30 cm) surface layers (Richter and Markewitz, 2001) that we 

presume is a response to prior fertilization.  More recently, however, when comparing soil through 

2m in lands known to have been farmed previously relative to reference sites we found increase in 

Mehlich-III extractable P throughout the profile (Foroughi et al., in review). We presume this is a 

result of vertical soil P leaching, although this is inconsistent with expected P fixation in the iron 

oxide rich Bt.  Based on the model output, rates of P leaching into the soil profile over a 150 yr 
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period of agriculture and afforestation account for ~7-20 kg ha-1 P. In Foroughi et al. (in review) 

measured available P (Mehlich-III P) in watersheds of the Calhoun CZO that have historical 

agricultural land was 33 kg ha-1 (through 2m soil profile) greater than profiles in hillslopes with 

no agricultural history. This result suggests vertical P leaching over decades may account for the 

observed increase in subsoil available P. 

Incorporating high precipitation into model simulations for the various land uses resulted 

in the content of P leaching to subsoil layers to increase 5 to 9-fold largely due to an increasing 

volume of water infiltration.  Previous work has similarly demonstrated how periods of saturated 

soil conditions under forest or agroforestry conditions can enhance P mobility by 50-70% relative 

to unsaturated soil conditions (Maranguit et al., 2017). Thus, leaching of P into subsoil layers over 

decades of land use change in the Calhoun CZO may well have been enhanced in high rainfall 

years or during specific high rainfall events (i.e., hurricanes). 

Two centuries of land use history in the Calhoun CZO has followed a trajectory of forest 

to agriculture to afforestation that has left a legacy of P enrichment and redistribution. Generally, 

stream water losses of P increased with decreasing forest proportion and inputs of P fertilizer 

during agriculture while during afforestation P stream water fluxes declined; all expected 

responses. Phosphorus leaching vertically through soils followed a different pattern with the 

highest P leaching rates to subsurface soil under afforesting conditions when soil P was elevated 

but so were surface soil infiltration rates. Model rates of P leaching at the end of the afforestation 

trajectory were similar to measured rates of 0.48-0.55 μmol L-1 phosphate in soil solution at 15 cm 

and 0.2-0.6 μmol L-1 at 60 cm (Foroughi et al., in review). Previous measurement in the Calhoun 

CZO of total soil P that showed no difference between historically farmed relative to unfarmed 

watersheds could not be well-explained by P losses even at 4.5 kg ha-1 under agriculture with high 



149 
 

rainfall rates. If fertilizer inputs were truly 7,500 kg ha-1 over the long sweep of 150-yrs loss would 

account for <1000 kg ha-1. In contrast, subsurface increase in Mehlich III P through 2m of ~ 30 

kg-P ha-1 were consistent with model leaching estimates over the agriculture to afforestation period 

of the trajectory. Vertical leaching fluxes of ~40 kg-P ha-1 could account for the entire increase.  

 

5. Conclusion 

This study revealed how historical land use changes may have effected P movement from 

soil to streamflow and how increased rainfall has the potential to amplify the loss of P with runoff. 

Deforestation and cultivation of the watershed increased streamflow and P loss from soil to stream, 

particularly with agricultural P fertilizer. Intensive rainfall rate has a positive effect on P movement 

that combined with land use scenarios could exceed P content in streamflow. Phosphorus mobility 

in water declines due to afforestation after agricultural land abandonment. This historical land use 

modeling approach constrains estimates of how much P might have been released to stream and 

into the soil profile when the southeastern Piedmont was under cultivation for 150 years. The 

model suggested a lower historic P fertilization rate than utilized here and that vertical leaching of 

P is consistent with currently observed subsoil P increases. 
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Table 5.1. Streamflow and phosphorus parameters, fitted values, and P-value used for calibration of 

the model in SWAT-CUP (Soil and Water Assessment Tool Calibration and Uncertainty Program) 

Parameter Description Fitted value P-value 

Flow parameters    

r__CN2.mgt Runoff curve number II -0.095 1.34e-66 

v__ALPHA_BF.gw 
Exponential decay factor for groundwater flow to the 

stream (1/day) 

0.598 0.579 

v__GW_DELAY.gw Ground water delay time (days) 70.48 0.265 

v__GWQMN.gw Threshold depth of water in the shallow aquifer (mm) 0.075 0.714 

v__GW_REVAP.gw Groundwater re-evaporation coefficient 0.175 0.220 

v__TRNSRCH.bsn Fraction of transmission losses from main channel 

(m3/s) 

0.487 2.74e-27 

v__CH_K2.rte Effective hydraulic conductivity of the alluvium in the 

main channel (mm/hr) 

11.30 1.34e-66 

v__CH_K1.sub 
Effective hydraulic conductivity in tributary channel 

alluvium (mm/hr) 

197.5 0.638 

v__CH_N2.rte Manning’s roughness coefficient of the main channel 0.157 0.024 

v__SURLAG.bsn Surface runoff lag coefficient 4.144 0.546 

r__SOL_K().sol Saturated hydraulic conductivity (mm/hr) 0.223 0.252 

r__SOL_AWC().sol Available water capacity of the soil layer 

(mm H2O/mm soil) 

1.140 0.243 

r__SOL_BD().sol Moist bulk density (g/cm3) -0.090 1.884 

v__ESCO.bsn Soil evaporation compensation factor 0.498 0.831 

v__EPCO.bsn 
Plant uptake compensation factor 

0.170 0.570 

Phosphours parameters    

v__PPERCO.bsn Phosphorus percolation coefficient 13.05 0.107 

v__PSP.bsn Phosphorus sorption coefficient 0.824 0.789 

v__ERORGP.hru Organic P enrichment ratio 4.791 1.56e-15 

v__RSDCO.bsn Residue decomposition coefficient 0.006 0.937 

v__PHOSKD.bsn Phosphorus soil partitioning coefficient 164.1 2.65e-07 
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Table 5.2. Statistical criteria used as primary objective functions to 

evaluate the loss of P in land use and streamflow for calibration and 

validation.  

 

Items1 Time Criteria2 Calibration Validation 

Streamflow 

(m3/s) 
Daily 

RMSE 0.003 0.005 

NSE 0.620 0.590 

R2 0.620 0.480 

Streamflow 

(m3/s) 
Monthly 

RMSE 0.001 0.001 

NSE 0.720 0.550 

R2 0.750 0.590 

Total P 

(kg/ha) 
Monthly 

RMSE 1.420 0.970 

NSE 0.390 0.340 

R2 0.520 0.820 

Inorganic P 

(kg/ha) 
Monthly 

RMSE 0.040 0.020 

NSE 0.460 0.310 

R2 0.500 0.830 

 
1 P: phosphorus  
2 NSE: Nash-Sutcliff Efficiency, R2: Coefficient of determination, RMSE: Root 

mean square error 
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Figure 5.1. Study watershed (W4) location in Calhoun Critical Zone Observatory in Union county, South Carolina (SC). W4: 

Study watershed, W3: Validate watershed       
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Figure 5.2. ArcSWAT input map data for study watershed W4 in Calhoun Critical Zone 

Observatory in Union county, South Carolina (SC). DEM: Digital elevation map, FRSD: 

deciduous forest, FRSE: evergreen forest, RNGE: grasslands 
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Figure 5.3. Land cover changes at Calhoun Critical Zone Observatory in Sumter national forest, South Carolina, US from 1790 to 1940.
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Figure 5.4. Land use scenarios of the study watershed W4 in Calhoun Critical Zone Observatory in Union county, South Carolina (SC). 

FRSD: Deciduous forest, AGRR: Agricultural land, and FRSE: Pine forest. 
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Figure 5.5. The observed and simulated plots of daily streamflow of model calibration and 

validation in the Calhoun CZO. 
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Figure 5.6. The observed and simulated plots of monthly streamflow of model 

calibration and validation in the Calhoun CZO. 
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Figure 5.7. The observed and simulated plots of total and inorganic phosphorus 

of model calibration and validation in the Calhoun CZO.



167 
 
 

 

 

 

Figure 5.8. Simulated streamflow (mm), total and inorganic phosphorus (P) in streams, and soil 

leaching inorganic P in subsoil layer for different land use and climate scenarios in the study area. 

FRSD: Deciduous forest, AGRR: Agricultural land, FRSE: Pine forest. 
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CHAPTER 6 

CONCLUSIONS 

This study investigated P distribution in a Southeastern US Piedmont forest to answer 

questions about the effect of historical land use changes, topography, and forest development on 

soil P fractions over time. With this in mind, three individual studies addressed P redistribution. 

Chapter 3 describes the role of hillslope and land use history on P distribution in the critical zone; 

Chapter 4 describes dynamics of soil phosphorus distribution over sixty years of forest 

development in the in the critical zone Observatory in the Southeastern US Piedmont; Chapter 5 

models the impacts of historical land use on phosphorus movement in the Calhoun Critical Zone 

in the Southeastern US Piedmont. 

The effects of historical land use changes and topography on soil P were determined by 

comparing soil P fractions in three hillslope positions of watersheds with historical agricultural 

activity and hardwood forest with no prior farming use. Soil solutions were also collected from 

four hillslope positions at the same watersheds. Besides soil solutions, streams samples were 

collected from different streams of different orders to follow P movement in this area. The P 

fractions results showed the available P quantity in ridge tops that were farmed was greater than 

reference ridges through a 2 m soil profile due to P input and vertical leaching of P over several 

decades. In contrast, soil solution had higher P release in reference sites compared to agricultural 

hillslopes possibly due to no loss of organic matter and a retention of roots in these areas. Overall, 

a limited accumulation of soil P in downslope locations can be due to P washing into streams and 
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being lost from the soil system. The anthropogene effects on soil P biogeochemistry is still evident 

in the Calhoun Critical Zone Observatory (Calhoun CZO).  

The effects of forest regeneration on prior agricultural land relating to P distribution were 

studied by collecting soil samples from 1962 to 2017 for four different soil depths (through 60 cm) 

from 8 permanent uncut plots. Similarly, soil samples were collected from 8 permanent plots cut 

in 2007. Phosphorus data indicated the Mehlich-III P pools declined from 1962 (39 µg g-1) to 2017 

(16 µg g-1) in the surface layer (0-7.5 cm) in uncut plots. The same P fraction reduced from 2005 

(25.2 and 33.1 µg g-1) to 2017 (17.7 and 22.8 µg g-1) in the top 2 soil layers (0-7.5 and 7.5-15 cm, 

respectively) of cut plots. Slowly cycling P fractions (NaOH and HCl) also declined (~80 kg ha-1) 

during this 55 year period.  Despite these decreases, estimates of P accumulation in trees and forest 

floor exceeded these changes in soil P content. As such, the recycling of organic P due to 

accumulating organic matter in these regenerating forests appears necessary to meet P demand.  

Overall, the slowly cycling P fractions and decomposition of litterfall and trees debris have a 

critical role in soil P sustainability. 

Long term land use changes in the southeastern US Piedmont forests effects on soil P 

concentration on top ridge and P leaching into the soil profile with application P fertilization. Also, 

land use changes impact on P movement to downslope with soil erosion. The P measurement 

indicated the soil solution P in old pine forest with historical agricultural land was lower than 

hardwood forest with no prior farm use, however, the current available P pools in old pine forest 

was greater than hardwood forest. Modeling determined how historical land use changes in the 

southeastern US Piedmont impacted on soil P movement at this area over 200 years. The model 

includes six different land use scenarios (FRSD, FRSD+AGRR, AGRR, AGRR+FRSE, FRSE, 

and FRSD+FRSE) with two rainfall rates (Normal and high). The output of the model indicated 
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deforestation and conversion to agricultural land caused more than 550±200 kg ha-1 P movement 

from soil into streams for 150 years while the reverted land from agriculture to forest reduced the 

P movement to 69 kg ha-1 for the next 70 years. The amount of soluble P leached around 38±10 

kg ha-1 in soil profile for 200 years during land use change in the Southeastern Piedmont forest. 

The highest P content leached into soil profile observed after regenerating forest due to prior 

application P fertilization. Changing the rainfall rate has a positive effect on P movement into 

streams and soil profile. Overall, modeling historical land use could explain the current difference 

of soil P distribution between watersheds with historical agricultural land and hardwood forest 

with no prior farm activities in the Southeastern US Piedmont.   

 

 

  

 

 


