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Abstract 

Land use histories affect the rate and pattern of soil nutrients at local, regional, 

and global scales.  However, few studies have focused on land-use change of soil trace 

elements (B, Mn, Zn, Cu and Fe).  In this dissertation, the main focus was long-term 

biogeochemical cycling patterns and spatial heterogeneity of soil trace elements in 

response to land use change.  With a statistically rigorous and spatially explicit design, 

we conducted studies in and around the USDA Forest Service’s Calhoun Experiment 

Forest in SC, on soils that support uncultivated hardwood forests, cultivated fields, and 

old-field pine forests.  Our first study indicated that spatial heterogeneity is greatly 

reduced in many soil properties by agricultural practices, but that old-field forest 

development on previously cultivated soils re-structured heterogeneity of soil properties 

within a few decades.  We document cases in which land use alters both soil properties’ 

central tendencies and their heterogeneity (C, N, CN, Ca, K, Fe, Mn and Zn), and one 

case in which changes are apparent in central tendency but less so in their heterogeneity 

(Db).  In our second study, samples of the upper 0.6-m mineral soil archived in 1962 and 

1997 revealed three cycling patterns of soil trace elements:  1) Extractable B and Mn were 

significantly depleted because tree uptake of B and Mn from mineral-soil greatly 

outpaced resupplies from atmospheric deposition, mineral weathering, and deep-root 

uptake.  2) Extractable Zn and Cu changed little during forest growth, indicating that 



 

 

v

nutrient resupplies kept pace with accumulations by the aggrading forest.  3) Oxalate-

extractable Fe increased substantially during forest growth, by about 10-fold more than 

accumulations in tree biomass.  This study indicated that forest Fe cycling is 

qualitatively different from that of other macro- and micro-nutrients.  Thirdly, our 

results revealed that long-term cultivation substantially increased the crystallinity of soil 

iron oxides as indexed by oxalate and dithionite-citrate extractions, and that old-field 

pine forests diminished crystallinity indices of Fe oxides, presumably altering reactivity 

and function of Fe oxides in the ecosystem.  Overall, this dissertation observes a wide 

range of responses to land use changes among the ecosystem’s trace elements and 

macro-nutrients and helps illustrate the dynamics of soil systems on time scales of 

decades to centuries.   
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1. Introduction 

In the Piedmont of Southeastern USA, land-use transformations have intensively 

and extensively altered landscapes, forest dynamics, and soil systems in the last two 

centuries.  Among this vast area of land use change, cultivation of former hardwood 

forests and subsequent old-field pine forest development has marked the major types of 

land use transformations from 1800s’ to the present.  To understand effects of land use 

history on soil fertility and sustainability, all essential nutrients including trace elements 

should be monitored and managed.    

In the last two centuries, forest clear cutting, logging, grazing, cultivation, 

fertilization, mowing, and reforestation are increasingly common processes causing 

dramatic land use changes in many forested regions of the world.  These practices 

substantially restructure spatial heterogeneity of soil biological, chemical and physical 

features at a variety of spatial scales and influence soil nutrient cycling in terrestrial 

ecosystems via altered biological transformations in the root zone.  The altered spatial 

variances of soil resources may affect local distributions and abundances of plant and 

microorganisms, and, therefore, to have important consequences for both community 

structure and ecosystem-level processes.  The spatial pattern and scale of soil variability 

can differ markedly among edaphically similar sites and these differences are 

conditioned by land-use history.  The two-century land use history at Calhoun and 
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surrounding areas represent the trajectory of cultivation of former hardwood forests and 

subsequent pine forest development.   

In the first study of this dissertation, soils supporting relic hardwood forests, 

continuously cultivated fields, and old-field pine stands are used to examine effects of 

land use change on spatial patterns of soil resources.  Hypothetically, cultivation and 

related farming practices should homogenize distributions of soil elements and old-field 

pine forests should increase spatial variations of soil attributes due largely to biological 

processes.  Few studies have directly tested these hypotheses or estimated their rates of 

development. This first study investigates the contrasting patterns of soil features 

including soil extractable Fe, Mn, Zn, and Cu, total C and N, moisture and bulk density 

(Db).  Understanding the effects of land use change on soil spatial variability is 

important for soil quality management and improvement, sustainable land use, 

biodiversity and organismal competition, and avoidance of environmental degradation. 

The second study specifically explores decades-long-changes of soil extractable 

Fe, Mn, Cu, Zn and B at the long-term Calhoun Experiment Forest, a soil-ecosystem 

experiment with 16 permanent plots and 52 years in existence.  Complex biogeochemical 

processes control the distribution and sustainability of mineral-soil trace elements 

including processes that involve ecosystem inputs, recycling, retentions, and removals.  

Plant requirements for trace elements are supplied by the mineral soil’s bioavailable 

fractions, which are affected by atmospheric deposition, mineral weathering, and deep 
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root uptake.  This four-decade field experiment and its sample archive were used to 

quantify how tree seedlings planted on old cotton fields accumulated trace elements in 

forest biomass and forest floor and altered trace-element biogeochemistry in mineral 

soils.  We examined trace elements in the O, A, E, and upper B soil horizons, to evaluate 

decadal biogeochemical change in soil bioavailability of trace elements.  We quantified 

rates of atmospheric deposition of trace elements and sampled soil waters over a two-

year period to evaluate trace-element atmospheric inputs, solubility in soil, and 

hydrologic leaching losses.  The study was aimed at quantifying the resilience and 

sustainability of soil trace elements over four decades in a rapidly growing old-field pine 

forest.  

The third study is to further investigate the transformations of soil Fe oxides in 

surficial soil layers (0 to 7.5-cm) as affected by multiple hardwood forests, cultivated 

agricultural fields, and old-field pine forests.  We will also evaluate the accretion of Fe in 

multiple layers of old-field pine O horizons, and reviewed the literature on Fe cycling 

and accumulation in forest ecosystems.  We hypothesize not only that cultivation 

diminishes the short-range order and Fe-organic-complexes (increasing crystallinity 

ratios), but that forest growth can greatly elevate the activity of soil Fe oxides 

(decreasing crystallinity ratios) relative to long-continued cultivation.  The mechanism 

involved is the enhanced oxidation of organic matter under cultivation, and 

reaccumulation of soil organic matter and organic complexes under old-field pine.  
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This project had the following specific objectives, to: 

1. investigate effects of land-use history on spatial distributions of a wide spectrum 

of soil nutrients including trace elements (Mn, Fe, Zn, Cu), macronutrients (C, N, 

Ca, Mg, K) and soil moisture, pH, and bulk density (Db);   

2. evaluate biogeochemical change in the bioavailability of soil trace elements (B, 

Mn, Zn, Cu and Fe) in the O, A, E, and upper B soil horizons as they responded 

to the rapid growth of pine-forest development; and  

3. examine how long-continued cultivation and subsequent reforestation alter soil 

Fe oxides in the most surficial layer of mineral soils (0 to 7.5-cm) using 

uncultivated hardwood forests, long-cultivated agricultural fields, and old-field 

pine forests in the Southern Piedmont of North America.    
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2. Effects of land use history on soil spatial 
heterogeneity of macro- and trace elements in the 
Southeastern Piedmont USA 

2.1 Introduction 

In the last two centuries, forest clear cutting, logging, grazing, cultivation, 

fertilization, and reforestation are increasingly common practices causing dramatic land 

use changes in many forested regions of the world.  These practices substantially 

restructure spatial heterogeneity of soil biological, chemical, and physical features at a 

variety of spatial scales and influence soil nutrient cycling in terrestrial ecosystems via 

altered biological transformations in the rooting zone (Boerner et al. 1998; Bruckner et al. 

1999; Fraterrigo et al. 2005; Guo et al. 2007; Robertson et al. 1993).  The altered spatial 

variation of soil resources is likely to affect the local distribution and abundance of plant 

species and the performance of individual plants and microorganisms and, therefore, to 

have consequences for both community structure and ecosystem-level processes 

(Robertson and Gross 1994; Schlesinger et al. 1996; Tilman 1988).  Understanding effects 

of land use change on soil spatial variability is important for soil quality management 

and improvement, sustainable land use, and avoiding environmental degradation.   

In recent decades, land use history and the accumulation of land-use legacies 

have become a prominent and even over-riding issue for ecosystem ecology 

(Christensen 1989; Richter 2007; Robertson et al. 1993).  Attention has been gradually 
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drawn to how land-use history has affected soil spatial heterogeneity.  Robertson et al. 

(1993) found that for total organic carbon (SOC), net nitrification, and nitrogen 

mineralization, the distance over which spatial dependence was expressed was 

substantially less in an uncultivated forest site (7-26 m) compared with a site that was 

tilled (48-108 m).  In a tree plantation, recreational land, and cropland in Turkey, 

Basaran et al. (2008) predicted that spatial variability of SOC was dependent on land use 

and that illustrated via kriging how SOC was markedly less variable in agricultural soils 

than in the recreational land and cropland.  These results hypothetically suggest that soil 

attributes are made relatively more homogeneous by agricultural practice, especially 

from mechanical disturbance and fertilization (Basaran et al. 2008; Robertson et al. 1993).   

In shifting cultivation and agroforestry systems, individual trees are suggested to 

increase soil fertility (Rhoades 1997) due to their ability to scavenge from extensive soil 

volumes but recycle nutrients in the near-tree environment.  The spatial patterns of soil 

nutrients persist even after slash-and-burn removal of trees and two years of cropping, 

indicating that trees contribute to the long-term spatial heterogeneity of forest soils 

(Dockersmith et al. 1999).  Patterns of spatial variation in soil nutrients change in 

successional plant communities, suggesting control by plant-species composition and 

size of individual plants in these communities (Gross et al. 1995).  

Taken together, previous results suggest that biological processes such as 

rooting, nutrient cycling, and decomposition greatly alter spatial variability of soil 
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properties compared with that which is present due to geochemical mechanisms alone.  

Spatial patterns and the scale of soil variability differ markedly among edaphically 

similar sites and these differences are conditioned by land-use history (Basaran et al. 

2008; Bekele and Hudnall 2006; Bruland and Richardson 2005; Fraterrigo et al. 2005; 

Gallardo and Parama 2007; Robertson et al. 1993).  Hypothetically, successional forests 

growing on formerly cultivated soils should increase spatial variations of soil attributes 

due to biological process, but few studies have directly tested this hypothesis or 

estimated its rate of development.   

The objective of this study is to investigate effects of land-use history on spatial 

distribution of soil carbon (C), nitrogen (N), exchangeable calcium (Ca), magnesium 

(Mg) and potassium (K), manganese (Mn), iron (Fe), zinc (Zn) and copper (Cu), soil 

moisture, pH and bulk density (Db), all at the 0.09-ha scale.  In this paper, we 

hypothesize that long-continued cultivation of formerly hardwood forest soils 

homogenizes spatial patterns of soil carbon and many other soil properties, but that 

successional pine forest growth on previously cultivated land rapidly increases the 

spatial heterogeneity of soil variables over a few decades. 

2.2 Methods  

Site description and history 

Located in Southern Piedmont of eastern North America, all study sites are at or 



 

 8 

 

in the vicinity of the Calhoun Experiment Forest (34.5°N, 82°W), a long-term soil 

ecosystem study site managed by the USDA Forest Service and Duke University 

(Richter and Markewitz 2001).  The sites have a humid warm temperate climate, with 

mean annual precipitation of about 1215 mm, mean winter temperature of about 5.5 oC, 

and mean summer temperature of about 25 oC (Southeast Regional Climate Center, 

2005).  Soils are classified as fine kaolinitic, thermic Typic Kanhapludults, all derived 

from granitic gneiss.  Broad upland interfluves characterize much of the area, locally 

dissected by stream channels of natural and agricultural origin.  Locally, elevations 

generally change from about 30 meters to 100 meters.  Hardwood forests dominated the 

upland Piedmont at the time of early European settlement (pre-1750), and their extent at 

that time greatly exceeded which exists today. Because Native American settlements 

were common in the Piedmont, agricultural fields were historically part of the 

landscape, although mainly in alluvial terraces. 

 Currently, three major land use types characterize much of the Piedmont 

region in South Carolina: (1) remnant, uncultivated oak-hickory hardwood forests 

nearly all of which have been grazed by cattle and pigs, exploited for fuel wood and 

timber products, (2) cultivated and agricultural land (managed for pasture, hay, and 

annual crops), and (3) old-field pine and mixed pine-hardwood forests growing on 

former cultivated lands.  The region and all of the pine forest and cultivated sites in this 

study were dominated by cotton agriculture for up to 150 years, from 1800 to 1950.  
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Since the time of major farm abandonment that began in the 1920s, land-use patterns 

have been dominated by reforestation of old fields either through natural successional 

processes that lead to old-field pine or pine–oak–hickory mixed forests or by planted 

pine stands mainly of Pinus taeda L.  Other major land uses in the region include 

managed pastures for livestock grazing and hay production, and residential, urban, and 

industrial uses. 

In this study, we selected three 0.09-ha plots in each of three land-use types: 1) 

uncultivated oak-hickory hardwood forests; 2) cultivated fields where conventional 

tillage and fertilization are used annually to produce wheat, sorghum, and corn; and 3) 

old-field pine forests that are each about 50 years in age since last cultivation.  All nine 

plots were selected to be as similar as possible except for land-use history: they were all 

on upland interfluves derived from granitic gneiss and had closely similar and 

pedologically related soils (Appling, Cecil, Madison, or Mecklenburg series).  All plots 

have < 10% slope, with one hardwood stand (H1) with about 15% slope (Figure 1).  Sites 

were all within 0.25–10 km of one another, with the exception of a cultivated site (C2) 

which was ~30 km south of the other sites (Figure 1).  Table 1 contains a summarized 

history and set of characteristics of the nine plots.      

         

Field sampling and laboratory analysis 

The nine 30 x 30-m plots were established following the same soil sampling 
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design and sampling protocol (Figure 2). The sampling design includes three north-

south transects each 10-m apart, with each transect having three points (centroids) each 

10-m distant.  Three soil cores (6-cm dia and 0 to 7.5-cm deep) were collected at random 

directions and random distances up to 5-m radial distance from each centroid, all to 

establish clusters of samples separated by a range of distances (Figure 2).  Unique 

random directions and distances were generated for each plot and the location of cores 

was determined in the field in reference to each of the nine centroids with tape measure 

and compass so that each core location can be transformed later to (x, y) coordinates in 

reference to the origin taken as the southwestern corner.  Twenty-seven cores were 

collected per plot, 81 cores per land use, and 243 cores in total.   

Individual soil samples were taken with a 6-cm diameter bulk density core 

sampler to estimate bulk density.  Soil samples were placed in plastic bags and 

transported within 48 hours to the laboratory in plastic coolers.  The field-moist samples 

were weighed and allowed to air dry at room temperature (about 22 oC).  Air-dried 

samples were weighed and passed through a 2-mm sieve to remove rocks and other 

debris.  Subsamples of each sample were removed for the following analyses:  pH, total 

C (taken as organic C), total N, exchangeable Ca, Mg, K, Mn, Fe, Zn and Cu.  

For soil pH, 5 g of air-dried, sieved soil was mixed with 10-ml deionized water 

and after 30 minutes a pH probe measured pH after inserting into the suspension 

directly above the surface of the settled soil. To determine total C and N, air-dried, 
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sieved samples were first powdered using a shatterbox, and 50 to 100 mg of sample 

were weighed into small tin capsules for analysis with a CHN analyzer (AT21 

Comparator, Mettler TOLEDO, Switzerland).  To determine exchangeable Ca, Mg, and 

K, 2.5 g of air-dried, sieved soil was placed in a 50-mL plastic centrifuge tube, to which 

forty milliliters of 0.5 M ammonium acetate (NH4OAc) was added, and the suspension 

shaken for 30 minutes on a reciprocating shaker.  Ten milliliters of centrifugates and 

blank solution were transferred to 15-mL plastic centrifuge tubes, and 1-ml of 

lanthanum chloride (LaCl3) added to minimize interferences during atomic spectroscopy 

analysis.  Standard solutions and quality-control standards were used for analysis of Ca, 

Mg, and K.  To determine exchangeable Mn, Fe, Zn and Cu, soil samples (6.0 g) were 

weighed into 50-ml polypropylene centrifuge tubes, mixed with 30 ml HCl solution, and 

shaken for 90 minutes.  Suspensions were centrifuged for 25 minutes at 3400 rpm, after 

which centrifugates were pipetted into 15-ml plastic tubes (BD Falcon ® Conical-Bottom 

Disposable Plastic), and Fe, Mn, Zn, Cu analyzed with an atomic absorption 

spectrophotometer (5100 PC, Perkin-Elmer).   

 

Statistical and Geostatistical Analyses 

Means, medians, and variances were estimated for each of the soil properties in 

each plot.   Frequency distributions were also produced for each soil property in each 

land use after pooling all values of the three ecosystems.  The distributions of values 
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from three plots of the same land use were plotted on a common scale for comparison 

purposes.  Cochran's C test is used to test the assumption of variance homogeneity. The 

test statistic is a ratio that relates the largest empirical variance of a particular treatment 

to the sum of the variances of the remaining treatments. The theoretical distribution with 

the corresponding critical values can be specified (Cochran 1941; Cochran 1951; 

Underwood 1997).  Soil properties that exhibited non-normal distributions were log-

transformed to better conform to the normality assumption of the Cochran’s C test (P. 

Legendre, Montreal, Quebec, Canada, pers. comm., 2008).   

In addition to the within-plot variance and derived statistics such as coefficient of 

variation, a variety of geostatistical tools were used to quantify the spatial structure of 

soil properties within and among plots.  

Semivariogram and ordinary kriging.---  We mapped the distribution of soil 

properties across the study plots using isotropic semivariogram models in conjunction 

with ordinary kriging. Ordinary kriging interpolated values at unmeasured locations 

from a weighted average of values from nearby observed locations (Isaaks and 

Srivastava. 1989).  The semivariogram outputs had relatively poor fits for the majority of 

the plots, due to violations of the stationarity assumption and erratic behavior of the 

data.  We attributed these results in part to relatively small sample sizes (n=27) per plot, 

and as a result used inverse distance weighting (IDW) interpolation rather than ordinary 

kriging (Isaaks and Srivastava. 1989).  An advantage of IDW is that the weights for each 
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observation are not dependent on the semivariogram parameters.  Instead, they are 

inversely proportional to a power of its distance from the location being estimated.  

Exponents between 1 and 3 are typically used for IDW, with 2 being the most common 

(Gotway et al. 1996).  Tests with different IDW exponents indicated that 2 was optimal 

with these data, as estimated values generated with an exponent of 2.0 showed the best 

fit with actual data in cross validation tests.  ArcGIS 9.0 was used to generate the IDW 

maps and perform cross validations. 

Trend surface models.--- The trend surface model is the most common regionalized 

model in which all sample points fit a model that accounts for the linear and non-linear 

variation of an attribute.  The relationships between the soil properties and the x and y 

coordinates of their measurement location within the sampling plots are estimated with 

the trend surface model: 

Soil property value = β0 + β1 x  + β2 y + β3 xy + β4 x2 + β5  y2                  [1] 

with regression coefficients β0 to β5. The presence of a trend in the data was 

determined by the significance of any of the parameters β1 to β5, while the β0 term 

modeled the intercept (Gittins 1968; Legendre and Legendre 1998).  Linear gradients 

in the x or y directions were indicated by significance of the β1 or β2 parameters.  A 

significant β3 term indicated a significant diagonal trend across a plot.  Significant β4 

and β5 parameters indicated more complex, nonlinear spatial structure such as 

substantial humps or depressions.  Trend surface regressions were estimated using 
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S-plus (version 7.0, Insightful Inc.).  Model parameters were determined to be 

significant at a level of p < 0.05.   

There are two aspects to variation in spatial data sets including variation in 

the data values and spatial variation across the map. Describing these two aspects of 

variation calls for two different terminologies and involves different strategies. Thus, 

it is possible that the above trend surface model that apparently does well in 

describing attribute variation but it also may leave important aspects of an attribute’s 

spatial variation unexplained that could have strong spatial structure (Haining 2003).  

A further analysis on the residuals of the trend surface model can explore spatial 

structure by detrending residuals from the model.  Residuals from the trend surface 

regressions were therefore saved for subsequent spatial analysis using a Moran’s I 

index (Legendre and Legendre 1998).  

Moran’s I analysis.---  The Moran's I analysis (Cressie 1993; Legendre and Fortin 

1989; Moran 1950) was used to quantify the degree of spatial autocorrelation that existed 

among all soil cores taken from each plot.  The local Moran’s I calculate an index of local 

autocorrelation among groups of paired samples separated by increasing distances.  The 

resulting local Moran's I statistics are in the range from approximately –1 to 1.  Positive 

Moran's I values indicate similar values (either high or low) are spatially clustered.  

Negative Moran's I values indicate neighboring values are dissimilar.  Fluctuating 

positive and negative spatial autocorrelation is characterized by a checkerboard pattern 
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of the observed feature or process. Moran's I values of 0 indicate no spatial 

autocorrelation, or spatial randomness.  Correlograms for local Moran indices were 

estimated for each soil variable in each plot.   

 

2.3 Results&discussion 

Central tendencies of soil properties in the three ecosystems 

Table 2 summarizes overall means and among-plot coefficients of variation of the 

properties of the surficial soils (0-7.5-cm) sampled in the three 0.09-ha plots of the 

hardwood, cultivated, and pine ecosystems.  Soils of the cultivated and pine plots were 

lowest in organic carbon compared with soils in hardwood plots, soil organic nitrogen 

lowest in pine compared with hardwood forest and cultivated fields, and soil C:N ratios 

highest in pines, mid-range for hardwoods, and lowest in cultivated plots.  We attribute 

these differences to decades’ long effects of cultivation, N fertilization, and pine’s uptake 

and biomass accumulation of N.  Soils of the three ecosystems also differed in their pH 

and acid-extractable base cations, with the more acidic surficial soils under pines much 

lower in exchangeable cations than soils of cultivated and hardwood ecosystems.  Acid-

extractable trace elements also differed among ecosystems, with Mn and Zn highest 

under hardwoods and cultivation, and Fe highest under pine.  Acid-extractable Cu was 

highest under cultivation.  The differences were substantiated with an ANOVA (Table 

2).  The concentration and content of soil variables at each of nine plots in three land 



 

 16 

 

uses are summarized in Appendix I.  

We have extensively reported effects of land use history on the central tendencies 

of soil properties in previous publications (Li et al. 2008a; Li et al. 2008b; Richter and 

Markewitz 2001; Richter et al. 2000; Richter et al. 1999a).  The results compiled here from 

new and different soil samplings are in general agreement with previous results of mean 

soil responses land use change and ecosystem development.  This manuscript moves 

beyond land-use effects on central tendencies to examine land-use effects on the 

variances and spatial structure of soil properties, all at the 0.09-ha scale. 

 

Frequency distributions of individual samples 

Individual samples from the three plots of each land use were pooled (n = 81) to 

illustrate frequency distributions of soil properties in Figure 3, as a way to introduce 

within-plot variances in soil properties and the effects of land-use history on soil 

heterogeneity.   

Distributions of soil carbon, nitrogen, and C;N ratios in these ecosystems are 

strikingly different (Figure 3), and help demonstrate the legacy of land-use impacts on 

soil organic matter.  In ecosystems with a history of cultivation, soils have less carbon 

and a greatly reduced range of soil carbon as well.  The data show little hint that 50 

years of pine development have markedly affected carbon content of surficial layers of 

mineral soil.  In contrast to carbon, soil nitrogen in hardwood and cultivated ecosystems 
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is not only much higher but wider ranging than those under pine, a response we 

attribute to the native variation under hardwoods, N-fertilizer effects in cultivated soils, 

and to 50 years of N uptake of soil N by aggrading pine forests.  The resulting soil C:N 

ratios illustrate the consequences of the contrasting functioning of the three ecosystems 

on soil C and N (Figure 3). 

Distributions of soil bulk density are closely associated with ecosystem 

differences in organic carbon, with soils under hardwoods much lower than soils with a 

cultivation history.  As was observed for soil carbon, there appears to be little indication 

from Figure 3 that 50 years of pine development have greatly altered BD of surface 

mineral soils, compared to the very substantial effects derived from whether or not a soil 

has been cultivated in the past. 

Distributions of soil pH and exchangeable base cations illustrate similarly large 

ecosystem effects on the dispersion of individual sample values within plots of the three 

ecosystems (Figure 3).  In general, surface soils of pines are lowest in pH, presumably 

due both to 50 years of acidic pine-derived organic material being added to the 

previously cultivated surface soils and to the strong uptake of cationic nutrients from 

this uppermost layer of mineral soil during the 50 years of pine growth.  Although all 

three ecosystems are generally acidic and relatively low in base cations, soils of 

cultivated fields are clearly affected by lime and fertilizer additions, and soils of 

hardwoods appear to have a relatively wide range of acidity and exchangeable cations, 
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variation that is attributable to the pronounced and long-term effects of recycling and 

rooting. 

Within-ecosystem distributions of acid-extractable soil trace elements are 

similarly of interest (Figure 3).  Soil Mn and Zn are similar in their distributions with 

wide ranging concentrations in surface soils of hardwoods and cultivated fields, but 

much more constrained and lower concentrations under pines.  As with N and base 

cations, we attribute these patterns to 50 years of pine tree uptake and accumulation of 

Mn and Zn, an interpretation supported by direct observations of soil depletions of Mn 

and Zn during five decades of growth of the Calhoun pine in long-term soil experiments 

(Li et al. 2008).  Remarkably, distributions of soil-extractable Fe in the three ecosystems 

were opposite to those of Mn and Zn (Figure 3), with soils under pine having elevated 

and a much wider range of concentrations compared with soils of hardwoods and 

cultivated fields.  In our recent study by Li et al. (2008), extractable Fe was demonstrated 

to greatly increase during the development of pine forests over five decades, a soil 

response attributed to interactions of inputs of acidic pine organic matter on largely 

crystalline Fe-oxide structures of surface soils of previously cultivated fields.  In contrast 

to Mn, Zn and Fe, soil Cu in surface soils of hardwoods and pine forests are similar in 

their distributions with narrow ranging concentrations, but much more variable and 

higher concentrations under cultivations (Figure 3). 
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Within-plot variances 

Coefficients of variation (CVs) indexed within-plot variances of soil properties 

and are summarized in Figure 4.  Overall, within-plot CVs of soil C/N, Db, pH, and 

moisture (%) are generally lowest among the soil properties analyzed, acid-extractable 

base cations (Ca, Mg and K) and trace elements (Mn, Fe, Zn, and Cu) generally highest, 

and soil C and N intermediate in their CVs relative to other variables.  This pattern of 

soil properties is evident in Figure 4 and is independent of ecosystem effects. 

Ecosystem effects were nonetheless quite prominent on within-plot CVs of many 

soil properties (Figure 4).  In cultivated plots, for example, CVs were generally <40% for 

nearly all soil variables (with the two exceptions in one plot being acid-extractable Mg 

and Fe in plot C1).  In contrast, in soils of hardwood and pine forests, within-plot CVs 

typically exceeded 30%, except for soil C/N, Db, pH and moisture.   

For organic carbon, all cultivated crops had within-plot CV of <25%, whereas in 

hardwood and pine forests, CVs exceeded 40% in five of six plots and exceeded 55% in 

three of six plots.  Within-plot CVs indicate that agricultural cultivation, fertilization, 

and liming greatly diminish the spatial variation of wide spectrum of soil properties, 

and that 50-years of pine forest development on previously cultivated soils had 

detectably more heterogeneity in many soil properties than cultivated soils.   

The Cochran’s C was used to test within-plot variances among the nine plots.  

Table 3 contains the within-plot variations of the 13 soil properties measured within the 
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nine plots.  Only Db had within-plot variances that were not different among the nine 

plots (Table 3).  Eight of the highest variances of the 12 soil properties were in hardwood 

ecosystems, with two each in cultivated fields and under pine.  Twenty of the 35 

significantly highest within-plot variances observed were for soil properties in 

hardwood plots, clear indication that past and continuing management have greatly 

reduced small scale (0.09-ha) spatial variation of a wide range of soil properties.   

The Cochran’s C test was used to test within-plot variances of soil properties in 

the plots among two or three ecosystems.  Of 12 significantly greater variances, eight 

were of soil properties in hardwood soils by running the test on nine plots among three 

ecosystems (Table 3), a result that emphasized the high native spatial variation that is 

present in uncultivated hardwood soils.  The Cochran C tests also suggested that 50 

years of pine growth was able to redevelop the variance that are a part of soils under 

hardwoods (Table 3).  The Cochran’s C test was also used to compare pairs of 

ecosystems of interest to our hypothesis, hardwood vs cultivation, cultivation vs pine, 

hardwood vs pine.  These results like those in Table 3 showed largest to smallest 

variances present in soils of hardwood, pine, and cultivated soils for most soil properties 

(Appendix II).   

 

Sample size requirements based on observed within-plot variances 

Based on the estimated standard deviation and sample mean, our results can be 
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used to evaluate how sample size requirements are altered by land use history at 0.09-ha 

scale plots (Cochran 1977).  We use bulk density (Db), carbon (C), and calcium (Ca) to 

demonstrate how sample size requirements achieve a specified relative error, and vary 

enormously among soil variables.  For example, even in the relatively homogenous 

cultivated soils, the sample size needed to achieve a relative error of about 10 to 20% for 

mean Db is up to 10 samples, but ranges up to 20 for C, and up to 70 for exchangeable 

Ca (Figure 5).   

Figure 5 clearly demonstrates how sample size requirements depend on land 

use, with many more samples required in forested sites than in cultivated fields, with 

hardwood forest soils for many variables requiring the most samples of all.   

In five of six forested plots, organic carbon has coefficients of variation (CV) 

exceeding 40% (Figure 4), a variation that should substantially influence how to sample 

soils for organic carbon.  With such variability, even 27 samples per plot still will 

produce a relative error of the mean greater than ±20% (Figure 5), a sobering result given 

the level of interest in precise estimates in this day of carbon off-sets.  We think it not 

well appreciated that in forested soils, the relative error of the estimate for soil C to be 

expected is >±40% if five samples are taken to estimate the mean (Figure 5).   

 

Spatial heterogeneity as affected by land use transformations 

To explore the spatial patterns and structures within each plot, we compared the 
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three land uses with kriging maps, coefficients of trend surface models, and Moran’s I 

tests.  

Kriging maps.---  Two-dimensional maps produced by inverse distance weighting 

(IDW)  offered direct and visual assessments from which to compare the spatial 

distributions of the soil properties among the plots.  Three selected examples are 

presented here are Db, total C, and exchangeable Ca to represent relatively low, 

moderate, and high within-plot variation, respectively.  Kriging maps of other variables 

are listed as Appendix III.  

In the first example using a relatively spatially homogenous soil variable, Db, the 

kriging maps of within-plot patterns of Db exhibit rather modest heterogeneity across all 

three ecosystems and plots (Fig. 6a).  The relatively within-plot uniformity is also 

observed in Figure 3b and 4.  There is little indication of land-use history’s effect on 

within-plot heterogeneity as illustrated by IDW kriging.  Land-use history’s effect on Db 

is more expressed in the general increase in the central tendency of Db with cropped and 

cultivated plots generally higher in Db than the hardwood soils.  Two of the hardwood 

plots (H1 and H4) are subtly lower in Db than all other plots including H2, the 

hardwood plot that has been periodically and regularly grazed for at least a few 

decades.   

In the second example using a soil variable with moderate spatial heterogeneity, 

total soil C, kriging maps of within-plot patterns of total C illustrate major differences in 
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within-plot heterogeneity across ecosystems and among plots as well (Fig. 6b).  Kriging 

illustrates major differences in structural heterogeneity among ecosystems both across 

individual plots and at finer scales.  Hardwood plots exhibit the most within-plot 

heterogeneity in soil C.  Hotspots of soil C within four plots (H2, H4, P1, and P3) are 

closely associated with patterns of Db (Fig. 6a, 6b), patterns verified by simple Pearson 

Product correlations of within-plot data and explained by organic matter’s lower density 

than minerals.  Very obvious in Fig. 6b are the massive effects of land-use history on the 

mean concentrations of soil C with both actively cultivated and previously cultivated 

old-field pine soils with remarkably less soil C than the hardwood systems. 

In the third example using a soil variable with relatively extreme spatial 

heterogeneity, exchangeable Ca, kriging maps illustrate major plot to plot differences in 

the structure of within-plot heterogeneity (Fig. 6c).  Land use history’s impacts on the 

kriging patterns are not at all clear as plot to plot differences that may or may not be 

related to ecosystem history are especially notable.  On the other hand, two of the three 

plots with kriging maps with the most extreme within-plot heterogeneity are hardwood 

plots (H1 and H3) with the third high heterogeneity plot being one of the plots under 

pine forest (P1).  In comparison, the three cultivated soils are relatively uniform in 

exchangeable Ca and are likely low or high in Ca concentrations based on previous 

application of lime, certainly an important consequence of land- use history. 

Trend surface analysis.---  The trend surface analyses revealed a number of 
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significant patterns in the spatial variability of the soil properties among different land 

uses.  

Results of the trend surface analyses indicated that 48 significant linear and 

nonlinear trends were observed in the nine plots.  Linear gradients were present in 22 

cases, and more complex nonlinear trends were present in 26 cases (Table 4).  Cultivated 

soils had 12 significant linear trends, whereas 5 linear trends were observed for 

hardwood soils and five for pine soils.  Cross-plot nonlinear trends were also most 

frequent in cultivated soils with 15 cases, in comparison to 7 cases in hardwood soils, 

and 4 cases in pine-forest soils.  The results clearly indicated more frequent cross-plot 

trends or gradients in cultivated soils.(Table 4).    

Of the total thirteen soil variables, soil total C and exchangeable K had no 

significant linear or nonlinear trends across any of the nine plots.  Soil Db, N, Mg, and 

moisture had significant linear or nonlinear trends in only one of nine plots.  The seven 

remaining soil variables exhibited significant trends in more than one plot.  Soil pH was 

particularly notable for having significant linear or non-linear trends in seven of nine 

plots (Table 4).  For soil C/N, three cultivated and one pine-forest plots had significant 

trends.   

In contrast to the exchangeable base cations of Ca, Mg and K, extractable trace 

elements including Mn, Fe, Zn and Cu each had many more significant linear and 

nonlinear trends.  As the relatively coarse-scale trend surface models suggest, trace 
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elements were more likely distributed in multi-directional gradients across the 0.09-ha 

plots rather than in a more randomized manner with high fine-scale spatial structure. 

The greater prominence of these cross-plot patterns in cultivated soils than forested 

soils, suggests that such patterns are created by cultivation and related farming activities 

and that they are likely to be rather ephemeral in soil as 50 years of pine growth on old-

cultivated fields seems to obliterate such patterns (Table 4).       

Moran’s I analysis.---  We used the local Moran’s I analysis to detect fine-scale 

spatial structure within each plot after removing coarse-scale trends across the 0.09-ha 

plots.  Results are summarized in Table 5 and overall, pine and hardwood forest soils 

had 32 and 31 of 39 possible autocorrelograms with significant fine-scale structure, 

whereas cultivated soil had but 21 (82, 80, and 54% of all possible combinations).  

Hardwood and pine forests soils exhibited more autocorrelations than those that were 

cultivated for total C and N, and extractable K, Mn, Zn, and Fe.  Extractable Mn and Zn 

exhibited autocorrelations in all forest soils, and no spatial patterns in those that were 

cultivated (Table 5).  Figure 7 illustrates Moran’s I autocorrelograms for which soil-

extractable Mn exhibited a number of positive and negative spatial autocorrelations in 

each of the six forest soils.  This significant local heterogeneity was both positive and 

negative and ranged from <2- up to 18-m lag classes within the six forest plots (Figure 7).   

Relatively few variables had very fine-scale autocorrelation (<2-m), a result 

attributed to the relatively few samples taken by the cyclic sampling design provided 
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(Clayton and Hudelson 1995).  As illustrated in Fig. 7, confidence intervals of 

autocorrelograms increased greatly at > 6-m, a consequence of the sampling designs 

deployment of points to sample across the 0.09-ha plot.   The correlograms of other soil 

variables were listed in Appendix IV.  

 

2.4 Conclusion 

Our study demonstrates clearly that land use history altered not only the central 

tendencies of soil properties but also the variance and spatial heterogeneity of soil 

properties.  An important corollary was that land-use history greatly impacted sample-

size requirements for estimating soil properties with prescribed precision.  Cochran’s C 

tests of within-plot variances demonstrated that spatial heterogeneity of many soil 

properties is greatly reduced by cultivation and related agricultural practices, and that 

old-field forest development began to re-structure heterogeneity of soil properties 

within decades of forest establishment.  Cultivation not only reduces spatial variance 

but trend-surface analyses indicate that cultivation also reorganizes variations in 

properties at a larger cross-plot scale.   The much greater number of significant linear 

and non-linear trends in cultivated soils than forested soils, indicates that cross-plot 

patterns are created by cultivation and related farming activities but that these are 

ephemeral as 50 years of pine growth on old-cultivated fields seems to obliterate such 

patterns in soil.  We document cases in which land-use history alters both the soil 
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property’s central tendencies and their heterogeneity (C, N, C:N, Ca, K), and a case in 

which changes are apparent in central tendency but much less so in their heterogeneity 

(Db).  In spite of the capacity of the cyclic sampling approach to efficiently sample within 

plot variances in this study, it provided little ability to detecting spatial autocorrelations 

at small scale such as <2-m, an outcome we attribute to too few samples collected at 

short distances within the 0.09-ha plots.  However, spatial heterogeneity of soil 

properties may be so extreme as to preclude precise and accurate characterization of 

spatial structure in many plots.  Overall, high within-plot variances for most soil 

properties suggest a need to better match sample designs and sample numbers with the 

extreme heterogeneity of soil properties.  Further research would be useful to better 

quantify patterns of soil spatial variability as affected by land use. 
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3. Four-decade responses of soil trace elements to an 
aggrading old-field forest: B, Mn, Zn, Cu and Fe 

3.1 Introduction 

Iron, Mn, Cu, Zn and B are required for plant growth and development and are 

indeed essential micronutrients for all living organisms (Boardman and Mcguire 1990; 

Knight 1975 ).  Deficiencies and toxicities of micronutrients occur widely in urban, 

agricultural, and forest ecosystems (Alloway 1995 ; Bartlett and James 1979; Kabata-

Pendias and H.Pendias. 1992; Karamanos et al. 1986; Stone 1990), yet ecosystem cycling 

of trace elements has received limited study and too often has been considered of 

secondary importance in the functioning of terrestrial ecosystems.  A survey of 1945 of 

the most recent papers on nutrient cycling in the leading ecological journals indicated 

that <1% examined trace elements (J. Li, unpublished data, Durham, NC).   

The complex of biogeochemical processes that controls the distribution and 

sustainability of mineral-soil nutrients including trace elements, includes: (1) input 

processes, such as atmospheric deposition and mineral weathering release; (2) recycling 

processes, such as litterfall, root turnover, canopy leaching, organic matter 

decomposition, and within-plant retranslocation; (3) retention processes, such as cation 

and anion exchange and sorption reactions; and (4) removal processes, such as plant 

root uptake, harvesting, fire, erosion, and hydrologic leaching. How these processes 

affect the sustainability of soil’s macro-nutrients N, P, Ca, or K over decades of ecosystem 
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functioning is not well quantified (Dijkstra and Smits 2002; Finzi et al. 1998; Nezat et al. 

2004; Richter and Markewitz 2001; Schroth et al. 2007); how these processes affect soil B, 

Mn, Zn, Cu, and Fe is almost entirely a matter of speculation.  

Plant requirements for trace elements are supplied by the mineral soil’s readily 

bioavailable fractions, but also by atmospheric deposition, mineral weathering, and 

deep root uptake.  The accumulations of trace elements in tree biomass (Bergkvist 1987; 

Morrison and Hogan 1986; Stone 1990; Zayed et al. 1992) and O horizons (Lousier and 

Parkinson 1978; Rustad 1994; Staaf 1980; Stark 1972) are often substantial compared with 

soil contents that are readily extractable, and therefore leads to the hypothesis that 

rapidly aggrading forests place acute demands on trace elements in mineral soils and 

thereby affect significant changes in trace element biogeochemistry.  We also 

hypothesize those temporal changes in the biogeochemistry of chemical elements, as 

wide ranging in their chemistry as B, Mn, Fe, Zn, and Cu, will be highly element 

dependent.   

Cycles of nutrients and non-nutrient chemical elements have been studied over 

five decades (1957 to present) at a field experiment at the Calhoun Forest Experiment in 

South Carolina.  This long-term field study and its sample archive were used to quantify 

how tree seedlings planted on old cotton fields accumulated trace elements in forest 

biomass and forest floor and altered trace-element biogeochemistry in mineral soils.  

Such a study is challenging because soil trace elements typically exist at relatively low 
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concentration and content, are often redox active, and can interact electrostatically with 

soil cation exchange sites, and complex in various configurations with Fe and Mn oxides 

and organic matter.  Because trace elements exist in a variety of forms in soil: 1) as free 

ions and complexes in soil solution, 2) as nonspecifically and specifically adsorbed ions, 

3) as ions occluded in soil hydrous oxides and carbonates, 4) organically bound in 

microbial and plant biomass, detritus, and humic substances, 5) substituted in Al-Si 

minerals, and 6) as precipitates (Martens and Lindsay 1990), we can expect that root 

uptake affects resupply from slowly cycling fractions at a wide range of rates depending 

on chemical element.  

In this paper, we examine trace elements in the O, A, E, and upper B soil 

horizons, to evaluate decadal biogeochemical change in the bioavailability of trace 

elements in mineral soils.  Specifically, we examined 35-year changes in extractable B, 

Mn, Zn, Cu, and Fe in the upper 0.6-m mineral soils in relation to four-decade accretions 

in vegetation biomass and surficial O horizons. We quantified rates of atmospheric 

deposition inputs of trace elements and sampled soil waters over a two-year period to 

evaluate trace-element atmospheric inputs, solubility in soil, and hydrologic leaching 

losses.  The study was aimed at quantifying the resilience and sustainability of soil trace 

elements in a forest ecosystem developed for five decades.  
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3.2 Methods  

The Calhoun ecosystem 

The soil-ecosystem experiment at the Calhoun Experimental Forest is located on 

the Southern Piedmont in Union County, South Carolina, at about 34.5°N, 82°W 

(Richter and Markewitz 2001). The 16 permanent plots are on broad geomorphically 

stable interfluves (with < 2% slopes), all underlain by the Piedmont’s most common 

bedrock, partly metamorphosed granitic gneiss.  Soils are deep acidic Ultisols (Table 6), 

specifically, fine, kaolinitic, thermic Typic Kanhapludults (Soil Survey Staff 2003) of the 

Appling series.  Surficial A and E horizons are sandy loams or loamy sands and have 

mineralogy dominated by quartz but with secondary Kaolin and Fe and Al oxide 

component (Table 7). Soil organic matter has accumulated only modest concentrations 

due to coarse soil texture and long-term cultivation between approximately 1800 to 1955. 

Below are acidic, clayey Bt-horizons, dominated by kaolinite clay, quartz, and Fe and Al 

oxides, prominent low-CEC kandic subsoils. The main crystalline framework of Fe and 

Al oxides indexed by DCB-extractable Fe and Al closely tracks soil clay fraction within 

the upper 3-m of soil (Table 6).  Percent clay and DCB-Fe and Al have correlation 

coefficients >0.89 in samples throughout the upper 3-m.  The oxides are highly reactive 

with anions as indicated by correlations of DCB-Fe and VO3-extractable SO4 that exceed 

>0.95.  Physical, chemical and biological data on the soils have been previously 

described (Callaham et al. 2006; Markewitz and Richter 1998; Richter et al. 2006; Richter 



 

 32 

 

and Markewitz 1995; Richter et al. 1999a; Richter et al. 1994).    

Human influences have been prominent in these soils, especially after about 1800 

and the boom for cotton in South Carolina, when physical soil attributes made upland 

sites attractive for cultivation.  With the expansion of cotton, upland hardwood forests 

were extensively cleared to agricultural fields.  After forest clearing, sites were often 

burned (Gray 1933; Ruffin 1852), with ash promoting nutrient bioavailability, including 

that of trace elements (Khan and Singh 2001; Matsi and Keramidas 2001). Following 

several years of cropping, farmers shifted from cotton and corn to less demanding crops 

such as wheat before abandoning fields and moving on to “fresh soil” (Gray 1933; 

Richter and Markewitz 2001) or uncultivated land.  Soil micronutrient availability 

probably shifted prominently given inputs of ash, changes in pH and harvest removals.  

After the U.S. Civil War, the Southern Piedmont was more extensively and 

continuously cropped (Vance 1929).  Phosphorus fertilization and liming became more 

standard farm practices (Sheridan 1979), with fertilizers containing variable but largely 

unknown contents of trace elements as secondary constituents (McBride and Spiers 

2001; Raven et al. 1997).  Secondary forests growing on old fields have substantially 

taken up and recycled macronutrients and hypothetically micronutrients derived from 

past agricultural inputs (Richter et al. 2006; Richter et al. 2000).   

The specific soils in this study are located in Cross Keys, SC on two old cotton 

fields formerly cultivated on a plantation managed by Rev. Thomas Ray and his family 
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through much of the 19th century.  In the early 1930s, the USDA Forest Service 

purchased the property for the Sumter National Forest, and from the 1930s to 1955, the 

two fields were cultivated for cotton by a local tenant farmer.  In the winter of 1956-1957, 

after a two-year fallow, the fields were planted with loblolly pine seedlings (Pinus taeda 

L.) in 16 permanent plots that were arranged in a randomized complete block design 

with four blocks of four plots each (Figure 8). Blocks represented different soil-landform 

and erosion conditions, and plots (each about 0.1-ha in area) within each block were in 

close proximity and planted at one of four spacings.  

 

Tree biomass and forest floor sampling and analysis 

To estimate trace element accumulation in trees and forest floor from planting in 

1957 to 1990s, tree biomass was sampled in 1991 and forest floor in 1997.  Samples of 

stemwood, stembark, foliage, dead branches, and live branches were composited from 

samples of 10 individual trees that ranged across the diameter distribution of the stand.  

Each sampled tree was divided into stemwood, stembark, foliage, dead branch and live 

branch for estimation of aboveground biomass and nutrient content, and biomass 

estimated by allometric equations.  Root biomass was estimated from loblolly pine 

allometric equations by Shelton et al. (1984).  Root samples were obtained from soil-core 

samples (6-cm dia) of coarse lateral roots (>2-mm) and fine roots (<2-mm dia) from the O 

horizon and 0- to 0.15- and 0.15- to 0.30-m mineral-soil depths.  Subsamples of each tree 
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component were oven dried, ground with a Wiley mill, and stored in capped bottles. 

Taproots were not sampled and the concentrations were assumed to be equal to 

stemwood and bark.   

To estimate trace elements accumulated in the O horizon, five 30-cm diameter 

samples were collected from each of the 16 plots in 1997 from three layers representing 

Oi, Oe, and Oa horizons, which correspond approximately to L (fresh litter several years 

in age), F (fermentation horizon) and H (humic horizons) of the forest floor, respectively.  

We also collected litterfall monthly over one year in 1991 and 1992 with five 0.7 m2 

collectors in each of 8 plots.   

To estimate trace element concentrations in tree biomass, O horizon, litterfall, 

and roots samples, 0.5-gram powderized material was weighed into Teflon tubes, mixed 

with trace metal grade acids (5 ml HNO3 and 3 ml HClO4), and carefully boiled for nine 

hours at 138 oC (±3oC) and for three additional hours at 208oC (±3oC).  After cooling, the 

digests were diluted to 50 ml in polypropylene centrifuge tubes with deionized water 

(Zasoski and Burau 1977). Concentrations of Fe, Mn, Zn, Cu and B were analyzed by 

Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES).  Organic matter 

mass and nutrient contents of roots and basal O horizons were corrected if necessary for 

mineral constituents.   

 

Water sampling and analysis 
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To evaluate trace elements in atmospheric deposition, collections were made 

every three weeks during a two-year period in 2004 to 2006 with an Aerochem Metrics 

wet-only precipitation sampler.  This sampler was co-located with a bulk precipitation 

gage, constructed with a 15-cm diameter glass funnel and 4-L amber bottle.  Both the 

wet-only and bulk precipitation collectors were located in a field about 100 m from the 

experimental forest plots.  Canopy throughfall was collected with five bulk-throughfall 

gages located in each of 12 of the 16 permanent plots, also using 15-cm diameter glass 

funnels and 4-L amber glass bottles.  Every three weeks, funnels and bottles were 

collected for cleaning in the lab, volumes of each bottle’s collection were measured 

gravimetrically, and throughfall collections composited within each of the 12 plots.  

Elemental fluxes of wet-only and bulk precipitation and canopy throughfall were 

estimated from products of water volumes per unit area and trace element 

concentrations.  Multiple field blanks were used during nearly all 3-week collections to 

confirm that the collection system was absent of significant contamination. 

To evaluate trace-element solubility and fluxes in soil water, lysimeters collected 

soil water in the 12 plots every three weeks from beneath O horizons and at 0.075-, 0.6-, 

and 2-m depths within the mineral soil; and from a local seep (Calhoun Seep) and 

perennial stream (Sparks Creek), both of which drain from a fraction of the long-term 

Calhoun plots.  Both the seep and stream are on the order of 20-m in vertical elevation 

below the Calhoun plots’ mineral soil surface.  Under O horizons and at 0.075-m depths, 
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PVC pipes (7.5-cm dia, with two under O horizons, one at 0.075-m depth) collected 

water by gravity, which drained into 4-L amber bottles installed belowground.  Similar 

bottles collected water at 0.6- and 2-m depths using Prenart lysimeters (Teflon plus 

stainless steel) that collected water in response to a vacuum that was established in the 

4-L bottles every three weeks.  These latter samplers collected water in year one.  Grab 

samples were taken every three weeks from the Calhoun Seep and Sparks Stream over 

the two years.   

After each three-week collection, all water samples were returned to the 

laboratory, refrigerated, and nearly always within one day of returning to the lab, 

solutions were passed through prewashed 0.4-μm Millipore-isopore membrane filters 

and 15 mL solution acidified with 45-μL HNO3 (Trace element grade, ultrapure) in 

preparation for analysis of Mn, Zn, Cu and Fe by Atomic Absorption 

Spectrophotometry.  Dissolved organic C (DOC) was analyzed by combustion and 

infrared analysis with prior acidification to pH 2 using HCl and sparging with N2 to 

degas dissolved inorganic carbon (Mobley et al. 2008).   

   

Mineral soil sampling, archiving, and analysis 

In the Calhoun soil archive, samples were taken from the 1962 and 1997 

collections, both made in the dormant with similar protocols. Field composite samples 

were made by compositing at least twenty individual 2-cm-diameter punch-tube cores 
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within each of the 16 permanent plots.  Individual sample points were located within 

each plot with a stratified random design and samples were taken from four depths (0 to 

0.075, 0.075 to 0.15, 0.15 to 0.35, and 0.35 to 0.6-m).  Samples are air-dried, sieved 

through a 2-mm screen, and stored in the dark.  The 1962 samples were archived by 

storing air dry in stout cardboard containers until the late 1980s when they were 

transferred to capped glass bottles. The 1997 samples were prepared and stored air dry 

in capped glass bottles.  Bulk density was sampled with 6-cm diameter cores in the early 

1990s (Richter et al. 1994).  Total elemental concentrations were measured following Li-

metaborate fusion (Hossner 1996), and actively cycling or “labile” concentrations were 

extracted with 0.05 M HCl (Lovley and Phillips 1986) and 0.2 M acid ammonium oxalate 

(AAO) at pH 3.0 (Carter 1993b; Loeppert and Inskeep. 1996).  While AAO extracts short 

range ordered (SRO-) Fe oxides (Thompson et al. 2006), HCl extractions target the most 

soluble SRO- oxides (Kostka and Luther 1994; Thompson et al. 2006).  Soil samples (1.0 

g) were weighed into 50-ml polypropylene centrifuge tubes, mixed with 5 ml HCl or 

AAO solution, and shaken for 90 minutes for HCl extraction and 4 hours for AAO 

extraction (Cox 1968; Ponnamperuma et al. 1981; Shuman and Anderson 1974).  

Suspensions were centrifuged for 25 minutes at 3400 rpm, after which centrifugates 

were pipetted into 15-ml plastic tubes (BD Falcon ® Conical-Bottom Disposable Plastic), 

and Fe, Mn, Zn, Cu analyzed with an atomic absorption spectrophotometer (5100 PC, 

Perkin-Elmer), and B analyzed with Inductively Coupled Plasma - Atomic Emission 
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Spectrometer (ICP-AES).  All AAO extractions were shaken and centrifuged in the dark 

(Siffert and Sulzberger 1991). 

In the acidic Calhoun Ultisols, soil extraction by HCl recovers trace elements in 

soil solution, and nonspecifically adsorbed trace elements bound in outer-sphere 

complexes with organic matter, clays, and oxides (Sposito 1981).  HCl recovered 

probably small fractions of specifically adsorbed cations from hydrous oxides (Fe, Mn 

and Al oxides) and phyllosilicates, and occluded and precipitated trace elements during 

partial acid decomposition of minerals (Martens and Lindsay 1990).  In contrast, AAO 

extraction solubilizes SRO- and micro- and non-crystalline forms of Fe and Al oxides, 

and displaces organic-complexed Fe, Mn, Cu, and Zn, all without dissolving much 

crystalline oxide of Fe and Al (Loeppert and Inskeep. 1996; Mckeague 1967; Parfitt and 

Childs 1988). In at least some soils, AAO may attack some crystalline oxide forms of Mn 

(Carter 1993b).   

Statistical analysis of changes in soil trace elements (1962 to 1997) 

Changes in mineral-soil trace elements were estimated from archived soil 

samples collected in all sixteen plots in 1962 and 1997, all extracted with HCl and AAO.  

Paired-t tests were used to evaluate changes in concentrations by pairing samples from 

each plot and depth collected in 1962 and 1997.  If distributions of concentrations 

violated assumptions of normality, data were log transformed.  Changes of contents 
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during the 35 years of forest growth were estimated only if the 1962 to 1997 differences 

in concentration departed from zero with a significance level of p < 0.05.  This approach 

to estimating changes in soil nutrients followed from other soil-change studies of 

macronutrients, Si, Al, C, and pH conducted at Calhoun and at other long-term soil 

experiments (Markewitz and Richter 1998; Richter et al. 2006; Richter et al. 1999a; Richter 

et al. 1994).  

3.3 Results 

Trace-element transfers from mineral soil to biomass and O horizons 

During 40 years of forest development, aggrading tree biomass and forest floor 

accumulated a total of 0.9, 2.9, 4.8, 49.6, and 501.3 kg ha-1 of Cu, B, Zn, Mn and Fe, 

respectively (Table 7).  Annual fluxes of mineral-soil trace elements to aggrading tree 

biomass and O horizons over the 40 years thus averaged 0.023, 0.072, 0.120, 1.24, and 

12.5 kg ha-1 y-1 in Cu, B, Zn, Mn and Fe, respectively.  Of the total elemental transfers 

from mineral soil to plant biomass plus O horizons, plant biomass accounted for 33.3, 

72.4, 52.1, 49.8, and 5.7%, respectively.  The wide range of trace element partitioning 

between tree biomass and forest floor is suggestive of contrasting rates and processes of 

nutrient cycling (plant-soil exchange) among the trace elements. 

 

Mineral-soil responses to forest growth and development 

Combining 40-year accretions of trace elements in forest biomass and O horizons 
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and mineral-soil changes indicates that bioavailable fractions of the five trace elements 

have responded with one of three patterns to forest growth and development: (1) 

mineral-soil B and Mn were depleted by tree uptake and little affected by processes 

leading to resupply; (2) mineral-soil Zn and Cu were little changed and therefore were 

resupplied by inputs and recycling despite removals, and (3) mineral-soil Fe was greatly 

accumulated due to four-decade transformations in the biogeochemical soil 

environment.  A conceptual diagram of the three patterns is presented in Figure 9.  

 

Mineral-soil depletions of B and Mn 

Of the five elements under study, soil-extractable B and Mn decreased 

significantly from 1962 to 1997 (Table 8).  Moreover, these reductions of content were 

comparable to B and Mn transfers from mineral soils to tree biomass and forest floor 

(Table 7), a pattern we refer to as “mineral-soil depletion”.   

Boron.--- Throughout the upper 0.6-m of mineral soil, substantial decreases were 

observed in concentrations of HCl- and AAO-extractable B (Table 8).  In 1962, soil 

concentrations of B averaged up to 0.70 ug g-1, but by 1997, most of this was no longer 

extractable by HCl or AAO.  Concentrations of AAO-extractable B were depth-

dependent in both 1962 and 1997, with higher concentrations of B recovered in more 

organic-enriched surficial layers.  In contrast, HCl-extractable B was not depth 

dependent in either 1962 or 1997 (Table 8).  Hypothetically, AAO more efficiently 
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recovers B from surface soils with solid interfaces dominated by organic matter, than in 

subsoil with interfaces dominated by oxides and kaolinite. 

In 1962, contents of HCl- and AAO-extractable B amounted to about 3.0 and 4.6 

kg ha-1 in the 0.6-m layers, respectively.  About 80% of extractable B was depleted from 

the two deeper mineral-soil layers (0.15 to 0.35 and 0.35 to 0.6-m), indicating the 

significance of deep roots and deeper soil layers to the nutrient supply of the aggrading 

forest (Table 8). Overall, B was depleted from the upper 0.6-m mineral soil by about 2.5 

kg ha-1 via HCl and by 4.1 kg ha-1 via AAO, contents that were comparable to the 40-year 

accretions in tree biomass and O horizons, 2.9 kg ha-1.  Such patterns indicate that there 

has been little if any resupply of soil-extractable B to compensate removals affected by 

forest development. 

Manganese.--- In contrast to B, concentrations of extractable Mn were depleted 

only from the upper 0 to 0.15-m, rather than from the entire 0.6-m.  Even still, Mn 

decreases were substantial with both HCl- and AAO-extractions (Table 8).  Although 

AAO recovered 4- to >5-fold more Mn than HCl, both extractants tended to recover Mn 

more readily from surficial layers than from deeper layers.  Forest growth altered this 

depth-dependent pattern by depleting extractable Mn in the 0 to 0.075-m layer, such that 

in 1997, concentrations of HCl- and AAO-extractable Mn were reduced in these layers 

well below those at 0.075 to 0.35-m (Table 8).  In the upper B horizons between 0.35 and 

0.6 m, however, concentrations of extractable Mn were notably low in samples from 
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both 1962 and 1997, probably a consequence of the strength of Mn sorption to Fe and Al 

oxides and clay (Brown and Parks 2001; Sparks 2003).  Concentrations of Mn in natural 

waters collected by lysimeters were also highest in surficial soils (Table 9) and extremely 

low at depth (e.g. 0.6-m), patterns that suggested strong sorption of Mn to oxides and 

clays as drainage waters entered upper B horizons.  For example, soluble Mn exceeded 

125 μg L-1 in forest canopy throughfall, O horizons, and in mineral soils at 0.075-m 

depth, but averaged <8 ug L-1 at 0.6 and 2-m (Table 9, Figure 10).  Concentrations and 

fluxes of soluble Mn are strongly correlated with those of dissolved organic carbon 

(DOC) suggesting a chelating and mobilization effect by DOC in the upper layers of the 

Calhoun soil (Figure 10, Table 9). Subsequent adsorption to solid phases and 

decomposition of DOC may well be associated with concurrent decreases in Mn 

concentration in upper B horizons.   

During 35 years of forest growth, contents of HCl- and AAO-extractable Mn 

decreased significantly by 20.2 and 57.7 kg ha-1, respectively.  Depletions in AAO-

extractable Mn were thus entirely commensurate with accretions in tree biomass and 

forest floor, estimated to be 51.9 kg ha-1 (Table 7).  About 67% of this Mn depletion was 

estimated to be from the surficial 0 to 0.075-m layer (Table 8), a much more surficial 

pattern of depletion compared with B.    

 

Mineral-soil resupply of Zn and Cu 
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Of the five elements under study, soil-extractable Zn and Cu changed relatively 

little or have increased slightly from 1962 to 1997 (Table 8).  The patterns are impressive 

in contrast to the depletions observed with B and Mn, as replenishments of soil Zn and 

Cu appear to have kept pace with removals (Table 7).  We call this pattern “mineral-soil 

resupply”. 

Zinc. --- Throughout the four soil layers sampled in the upper 0.6 m of mineral 

soil, relatively small changes were observed in the concentrations of HCl- and AAO-

extractable Zn (Table 8).  Although statistically significant decreases in concentrations of 

HCl-extractable Zn amounted to 0.166 and 0.050 μg g-1 in the two most surficial layers 

sampled, there were no significant changes in concentrations of AAO-extractable Zn 

(Table 8).  Both extractions indicated strong depth dependence of concentrations of 

extractable Zn, with much higher concentrations of Zn recovered in surficial 0 to 0.15-m 

layers compared with 0.15 to 0.6-m.  Like Mn, HCl and AAO more efficiently recovered 

Zn from surface soils with surfaces dominated by organic matter.  Like Mn, extractable 

Zn at 0.35 to 0.6-m depths, the upper B horizons, was notably low in both 1962 and 1997. 

During 35-year of forest growth, contents of HCl-extractable Zn decreased 

significantly by about 0.32 kg ha-1 in the upper 0.6-m layers or by 27%.  This reduction, 

however, amounted to only about 6.7% of the Zn transferred to biomass and O horizons, 

about 4.8 kg ha-1.  Resupplies of soil Zn removed by forest growth appeared to have 

several sources.  Atmospheric deposition alone, i.e., at 0.19 kg ha-1 y-1 in wet-only 
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deposition (Table 9), represented an input of 6.6 kg ha-1 to the ecosystem if averages over 

two years of measurement (2004 to 2006) are scaled over the age of the forest, 35 years.  

Moreover, Zn in natural soil waters collected in the field appeared soluble throughout 

the upper 2-m soil, with little obvious soil sorption as rainwater moved through the O, 

A, and upper B horizons (Table 9).  In contrast to solution concentrations of Mn, Zn 

concentrations in natural waters were greatly elevated above atmospheric deposition 

through 2-m depths, suggesting that clay and oxide surfaces were much stronger sinks 

for Mn than for Zn, and that Zn, despite its relatively small extractable contents, was 

relatively bioavailable throughout the rooting zone.   

Copper. -- Concentrations of extractable Cu increased slightly between 1962 and 

1997 (Table 8).  HCl-extractable Cu significantly increased by about 0.098 ug g-1 in both 

0.075 to 0.15- and 0.35 to 0.6-m layers, and by about 0.207 ug/g for AAO in the 0.35 to 

0.6-m layer.  Neither HCl nor AAO data indicated much depth dependence to 

extractable Cu.  Both extractions recovered Cu from surface layers with organic matter 

and from deeper layers more affected by kaolinite and oxides.  

Contents of both extractable Cu fractions (in 1962, about 1.4 and 4.4 kg ha-1 in the 

0.6-m layers, respectively) increased by about 11 and 18% over the 35 years of forest 

growth.  The resupply and accretions of soil Cu appears to have several sources.  

Atmospheric deposition appeared to be only a small source of Cu (Table 9), thus soil 

resupply hypothetically came from mineral dissolution and deep root uptake.  Like Zn, 
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concentrations of Cu in natural soil waters collected in the field increased as 

precipitation moved into the soils, and Cu remained relatively soluble throughout the 

upper 2-m (Table 9).  Considering that transfers into plant biomass and O horizon 

amounted to 0.9 kg ha-1, the increases of 0.8 kg ha-1 in AAO-soil Cu would seem to be 

ecologically significant. 

 

Soil accumulation of Fe 

Remarkably, concurrent with Fe accumulations in biomass and forest floor, HCl- 

and especially AAO-extractable Fe increased substantially throughout the upper 0.35-m 

mineral soil layers.  Increases in extractable Fe far exceeded uptake and recycling during 

35 years of forest growth.  We thus call this pattern “mineral soil accumulation.”  

Significant increases were observed in extractable Fe in the most surficial 0.35-m 

layers of mineral soil (Table 8).  Whereas HCl-extractable Fe increased by up to 5 ug g-1 

in the upper 0.15 m, AAO-Fe increased between 50 to 65 ug g-1 in the upper 0.35 m.  The 

magnitude of the increases in AAO-Fe concentrations in the upper 0.35-m mineral soil 

suggests that transformations of Fe oxides are an important part of the restructuring of 

soil chemistry that is affected by forest growth and development.    

Among all trace elements under study, the greatest changes over the 35 years 

were with AAO-extractable Fe.  Mineral-soil contents of AAO-Fe increased by 276 kg ha-

1 during forest growth (Table 8), a 27% gain from 1962 to 1997 in the upper 0.35-m layer.  
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HCl-extractable Fe also increased in surficial soil layers, by 37% or by about 9.6 kg ha-1 

compared with contents in 1962.   

Fe fluxes in tree uptake, litterfall and throughfall were small compared with 

changes in AAO-extractable Fe in the mineral soil.  Trees accumulated 28.7 kg ha-1 of Fe, 

92% of which was in root biomass by age 40 years in 1997, and canopy litterfall and 

throughfall averaged only 0.19 and 0.11 kg ha-1 y-1 in the mid-1990s and from 2004 to 

2006 (Table 9).  Given the relatively small Fe uptake by vegetation and Fe return in 

litterfall and throughfall, the very substantial increases of Fe in the 40-year-old O 

horizons, 472.6 kg ha-1 (Table 7), are as remarkable as the Fe-oxide changes in mineral 

soil.  Because chemical elements in O horizons typically derive from inputs in canopy 

litterfall and throughfall, Fe cycling seems altogether different, as annual Fe fluxes in 

litterfall and throughfall represent <0.07% of the total Fe accumulated in the 40-year-old 

O horizons.  We discuss mechanisms and consequences of these changes in soil Fe more 

thoroughly later in this paper. 

 

3.4 Discussion  

Changes in Calhoun soil’s trace and major chemical elements 

Table 10 combines decadal patterns of soil change in trace elements with those in 

major elements previously reported at the Calhoun ecosystem: for C, N, P, Ca, Mg, K, 
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and Al.  Overall, the changes are driven by cycling processes such as nutrient uptake 

and accumulation in forest biomass and O horizon, mineral weathering, atmospheric 

deposition, organic matter sequestration, hydrologic leaching, and ecosystem 

acidification.    

Like soil extractable B and Mn, major soil depletions during forest growth have 

been observed for total N, (Richter et al. 2000), Ca-associated P (Richter et al. 2006), 

exchangeable Ca and Mg (Richter et al. 1994; Markewitz et al. 1998).  Major soil resupply 

via mineral dissolution is notable for exchangeable K (Richter et al. 1994; Markewitz and 

Richter 2000) and labile P (Richter et al. 2006), and based on the present study, we can 

add HCl- and AAO-extractable Zn and Cu.  Finally, patterns of accumulation of HCl- 

and AAO-Fe are shared by organic C (Richter et al., 1999; Richter et al. 2006) and 

exchangeable- and AAO-Al (Markewitz and Richter, 1998).   

 

Trace element cycling and soil change 

Great element-dependent variation is observed in trace-element cycling and 

provides perspective to the patterns of soil and ecosystem change through time (Table 

11).  

The partitioning of trace elements between plant biomass and O horizon ranges 

widely, between 2.5 for B to 0.06 for Fe (Table 11).  Relative to the other trace elements, B 

is notable for the contents stored in biomass and Fe is notable for the contents stored in 
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the O horizon.  Even still, both B and Fe appear to immobilize relatively large contents in 

both plant biomass and O horizons.  For B, noted for its relatively large sink in plant 

biomass, the accumulated O horizon contains 20-fold the inputs of litterfall, indicating 

relatively slow turnover of B within the O horizon, and much slower than for Mn and 

especially Zn.  For Fe, noted for its large contents that accumulate in the O horizon, plant 

biomass contains 95.7-fold more Fe than that annually recycled in litterfall and 

throughfall, suggesting that once Fe is associated with plant biomass it tends not to 

turnover. 

In contrast to B and Fe, Mn and Zn cycle rapidly through biomass and O 

horizons.  Both Mn and Zn accumulated in 40-year old forest biomass and O horizons in 

about equal amounts, but Mn and Zn in O horizons are only 5.1- and 2.3-fold larger than 

annual inputs to the O horizon from canopy litterfall plus throughfall (Table 11).  That O 

horizons contain only 2.3-fold more Zn than the yearly O-horizon inputs tells much 

about the rapid rate of Zn recycling.  Similarly, the basal Oea horizon contains only 1.3- 

and 3.3-fold more Mn and Zn than the superficial Oi layer (Tables 10&11).     

In contrast to B, Mn, and Zn, O horizons contain more Cu and Fe than that 

contained in plant biomass, with ratios of biomass to O horizons for Cu and Fe that 

average 0.53 and 0.06 (Table 11).  Relatively high Cu and Fe in O horizons are attributed 

to the affinity with which these metals are complexed by organic matter.  But overall, 

Table 11 illustrates how greatly Fe cycling contrasts with the cycling behavior of the 
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other four trace elements.  The various ratios for Fe tend to be extremely different from 

the other four trace elements, and they illustrate the strong sink strength of biomass and 

O horizon for Fe.   

 

Forest interactions with Fe oxides 

Past studies of Fe cycling in forests are not well quantified, although several 

indicate substantial accretions of Fe in O horizon, similar to the Calhoun forest. Iron 

accretion in O horizons of various forests (eg. maple, pine, and fir) of a wide range of 

age totaled 199 kg ha-1 to 423 kg ha-1 (Arocena and Sanborn 1999; Brockley and Simpson 

2004; Morrison 1990; Morrison 1991; Vogt et al. 1987a). 

Four decades of Calhoun forest growth have altered soil micronutrients in 

significant and various ways (Table 8).  One most significant outcome of this experiment 

is what it reveals about the ecosystem-driven transformation of Fe oxides.  Because Fe 

oxides are some of the most important soil components for sorption and transformation 

of nutrients, organic matter, and contaminants (Schwertmann 1991), the decadal 

transformations in soil Fe oxides have many potential implications.  Long-term 

cultivation reduced organic matter in the old field Calhoun soils (Richter et al., 1999), 

likely disrupting organic-bound Fe and SRO-Fe oxides, leaving behind largely 

crystalline, low surface area materials.  Results from this experiment demonstrate that 

secondary forest-drivers can transform relatively large contents of soil Fe oxides into 
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hypothetically reactive biomaterials in both O horizons and surface mineral soils over a 

matter of a few decades. 

The source of Fe accumulated in O horizons and in mineral soil as SRO-Fe 

recovered by AAO extraction is attributed to the very large pool of Fe contained in 

crystalline “free” oxides and mineral-bound (Table 6).  These fractions range from 10- to 

35-fold greater than AAO-extractable Fe in the upper 0.15-m soil and thus represent the 

reservoir of Fe that is transformed during forest development.  A portion of crystalline 

and mineral-bound Fe fractions are hypothetically transformed into more SRO- or AAO-

extractable components by organo-Fe interactions assisted by pronounced acidification 

(Markewitz et al. 1998). The surficial 0 to 0.075-m of Calhoun mineral soil has increased 

its organic C concentrations by about 35% in four decades (Richter et al. 1999) at the 

same time that soil pH of these environments plummeted by more than a pH unit 

(Markewitz et al. 1998). 

Because atmospheric deposition, litterfall, and throughfall add relatively little Fe 

to the forest floor (Table 7), the source of Fe in O horizons must be from upward 

translocation from the mineral soil.  Several processes may be involved, the most 

obvious being bioturbation by macroinvertebrates that physically mixes O and A 

horizons.  Bioturbation, however, is not considered a very active process in the Calhoun 

pine ecosystem, given relatively low populations of macroinvertebrate populations 

(Callahan et al. 2006).  Radiocarbon in Oi, Oe, and Oa horizons (Richter et al. 1999) 
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confirm the general absence of prominent mixing and development of a strongly 

stratified structure in these pine O horizons, the structure of a classic mor O horizon, 

first described by P. E. Müller in the late 19th century.  Moreover, if the O horizon’s 

content of Si and Al at 3055 and 109 kg ha-1 (Markewitz and Richter, 1998) is assumed to 

result entirely from bioturbation’s mixing of A horizon materials with the O, <60 kg ha-1 

of Fe would have been translocated upward by bioturbation (based on Fe/Si and Fe/Al 

ratios in A horizon materials).  This leaves well over 400 kg ha-1 of Fe in the O horizon to 

be accounted for by a process of upward translocation other than bioturbation. 

Total Fe in fresh canopy litterfall averages 40 ug g-1 which very rapidly increases 

nearly 17-fold to 680 ug g-1 as it resides in superficial Oi horizons during the course of a 

few years (Table 12).  Overall, Fe increases by 120-fold as canopy litterfall is 

incorporated into Oe and Oa horizons (4755 ug g-1).  We hypothesize that Fe enrichment 

in O horizons results from the four-decade influx of forest organic matter with various 

functional groups that strongly complex and mobilize Fe.  Over the decades, as litterfall 

is deposited and decomposed in the forest floor, Fe is hypothetically drawn upward 

from surficial A horizons into the aggrading blanket of decomposing O horizons via a 

combination of complexation, diffusion of aqueous complexes, and possibly 

evaporation.  The Fe in the O horizon far exceeds concentration increases expected due 

to C loss during decomposition.  For example, a model of the decomposition of Calhoun 

litterfall C (Richter et al. 1999), estimates that about 105 Mg ha-1 of organic C has been 
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added to the O horizon during 40 years; if all of this litterfall averaged 40 ug g-1 in total 

Fe (Table 12), over the life of the forest litterfall would have added <8.5 kg ha-1 of Fe.  

Adding the Fe in canopy throughfall only doubles the small amount of Fe added in 

litterfall (Table 7).   

We further hypothesize that Fe accretion of the O horizon (Table 11) is closely 

associated with the substantial increases and transformations of SRO-Fe in the 

underlying 0.35 m of mineral soil.  Taken together, what seems most striking is that 

SRO- Fe in A horizons has increased by 276 kg ha-1 during a period in which O horizons 

accumulated 473 kg ha-1 of Fe.  These data suggest that over three to four decades, 

crystalline Fe oxides and otherwise low solubility mineral-bound Fe compounds in A 

horizons have been the source of about 780 kg ha-1 of Fe (sum of Fe in plant biomass, O 

horizons, and increases in AAO-Fe in mineral soil).  On a mass basis, this is in the same 

order of magnitude as the transfer of mineral-soil N into forest biomass plus O horizon 

(Richter et al. 2000), indicating clearly that Fe in this terrestrial ecosystem has fluxes with 

magnitude of a major chemical element rather than a trace- or micro-element.  The rapid 

rates of these fluxes suggest new mechanisms by which plants and mineral soils interact 

ecosystem-driven transformations of Fe oxides may affect the bioavailability, sorption, 

and retention of organic matter, macronutrients, and chemical contaminants as well, and 

therefore, the implications are well worth further study. 
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3.5 Conclusion  

This study found that four decades of forest growth and development affect soil 

trace elements in diverse ways, and in ways that illustrate not only ecosystems but also 

soils that support them are highly dynamic on time scales of decades.  In response to 

four decades of forest development, trace elements followed one of three patterns:  1) 

Extractable B and Mn were significantly depleted in amounts comparable to 

accumulations in biomass plus O horizons.  Tree uptake of B and Mn from mineral-soil 

thus greatly outpaced resupplies from atmospheric deposition, mineral weathering, and 

deep-root uptake.  2) Extractable Zn and Cu changed little during forest growth, 

indicating that nutrient resupplies kept pace with accumulations by the aggrading 

forest.  3) Short-range order or oxalate-extractable Fe increased substantially during 

forest growth, by about 10-fold more than accumulations in tree biomass, indicating that 

forest Fe cycling is qualitatively different from that of other macro- and micro-nutrients.  

The contrasting patterns of soil change were determined by contrasting rates of inputs, 

translocations, transformations, and removals, or more specifically transfers into plant 

biomass and O horizons, atmospheric deposition, deep root uptake, mineral weathering 

and dissolution, and hydrologic leaching.  This study clearly indicated that Fe cycles at 

rates that can be characterized as a major chemical element rather than a trace- or micro-

element.  Overall, we hypothesize that the secondary forest’s continuous organic 

additions to mineral soils substantially transformed soil Fe-oxides, which may be 
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significantly altering the bioavailability and retention of macro- and micro-nutrients, 

chemical contaminants, and organic matter itself.  The ecosystem cycling of all essential 

nutrients, macro- and micro-nutrients alike, are in great need of research, especially with 

respect to changing bioavailability and disposition in soil on time scales of decades.   
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4. Transformation of iron oxides in soils in response to 
land use changes in Southeastern Piedmont USA 

4.1 Introduction 

Iron is an essential micronutrient for all living organisms (Boardman and 

Mcguire 1990; Knight 1975 ).  Although iron is the fifth most abundant element in soils, 

most is not bioavailable or reactive with plants and microbes as it is locked within 

mineral structures of many types.  Iron bioavailability in soils varies with mineral 

structure of Fe-oxides (Cornell and Udo 2003; Megonigal et al. 2004; Thompson et al. 

2006), the surfaces of which offer reactive interfaces for sorption, transformation and 

degradation of nutrients, pollutants and carbon compounds (Backes et al. 1995; 

Eusterhues et al. 2005; Schwertmann 1991; Vasudevan and Cooper 2004).  The 

dissolution of soil iron oxides may favor not only an increase in the amount of 

bioavailable iron but also the release of anions and cations, adsorbed or occluded with 

Fe-III oxides, which may have a great impact on environmental quality (Hesterberg et al. 

1993; Petruzzelli et al. 2005).  In terrestrial ecosystem, iron is supplied to plant roots and 

microbes from the soil’s generally small pool of readily available or “labile” iron, which 

because of extremely low solubility of ferric forms, is itself small compared to plant 

requirements (the amount of Fe in tree biomass and the O horizon of soils) (van Hees et 

al. 2004). Therefore, aggrading forests place acute demands on iron oxides to supply Fe 

for plant uptake (Sillanpää 1990).  Large inputs of leaf litter and woody debris can also 
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cause significant changes in soil Fe biogeochemistry over decades time scales (Li et al. 

2008).   

Land use changes are accelerating in pace and extent across the world.  Forest 

cutting, burning, grazing, cultivation, fertilization, reforestation, and residential 

developments are all substantially altering soil and the terrestrial ecosystems they 

support (Boerner et al. 1998; Bruckner et al. 1999; Fraterrigo et al. 2005; Guo et al. 2007; 

Robertson et al. 1993).  However, in contrast to carbon and nitrogen, attention is rarely 

drawn to the effects of land-use history on soil Fe oxides, some of the most important 

components and surfaces in the soil.   

Cycling of Fe and Fe oxides in upland environments has been considered of 

secondary importance to terrestrial ecosystems, in part due to extreme insolubility of 

many FeIII compounds and the overwhelming predominance of O2 as an electron 

acceptor in aerobic environments.  A number of studies however have suggested the 

importance of Fe-OM complexation in surficial layers of environments, demonstrated 

the mobility of Fe-OM complexes in podzolization processes, and documented that Fe 

bound in oxides can be transformed into more labile short-range order compounds and 

organic complexes during forest development (Li et al. 2008; Lousier and Parkinson 

1978; Rustad 1994; Staaf 1980; Stark 1972).  A suite of biogeochemical processes could 

contribute to the increasing Fe bioavailability including throughfall and stemflow, 

inputs of Al- and Fe-rich litter or fungal hyphae, upward diffusion from underlying 
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mineral soils, and transformation and translocation of mineral soils.   

Though association and complexation of organic matter with Fe minerals has 

been recognized as a principal process leading to the stabilization of organic matter 

(Petruzzelli et al. 2005; Schwertmann 1991), it is not clear how Fe oxides are transformed 

during this process.  We have previously demonstrated large increases in oxalate-

extractable forms of Fe in soil and large Fe accretions in the forest floor (O horizon) over 

40 years (Li et al. 2008).  Of further interest, is that the contents of Fe involved (472.6 

kg/ha total Fe accumulated in O horizon, and 275.8 kg/ha gained in oxalate-extractable 

fractions in 0-15-cm mineral soil) dwarf Fe inputs to the top of the soil profile via 

litterfall and canopy throughfall.  These patterns and estimates suggested that further 

studies are in need to help better understand Fe oxide dynamics in terrestrial 

ecosystems.   

Much is known about Fe oxides, some of the most common compounds in nature 

and most important to human industry and culture.  Fe oxide research is advanced on 

topics such as crystal structure and morphology, cation substitution, surface area, 

electronic properties, thermodynamics, solubility and dissolution, surface chemistry, 

colloidal stability, adsorption of ions and molecules, corrosion properties, and 

applications and synthesis (Cornell and Schwertmann 2003).  Remarkably, with all this 

research, quantification, and understanding, observations of oxides in the soil 

environment can only be partly explained.  Dynamics of Fe oxides in soil and terrestrial 
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ecosystems are hardly documented.  Our general hypothesis is that such high surface 

area, electrophonic, and organophilic compounds are highly responsive to land-use 

change, especially change that alters organic matter cycling and quality, moisture, and 

aeration.   

The objective of this study is to further investigate the transformations of soil Fe 

oxides in surficial soil layers as affected by various land uses and land use histories.  In 

closely related soils, with similar landforms and geologic substrata, we contrasted soil-

extractable Fe fractions in the upper soil layer (0 to 7.5-cm) of multiple hardwood 

forests, cultivated agricultural fields, and old-field pine forests.  These three ecosystems 

are common in the region and also represent the common trajectory of nearly two 

centuries of land-use history.  We will also evaluated the accretion of Fe in multiple 

layers of old-field pine O horizons, and reviewed the literature on Fe cycling and 

accumulation in a variety of forest ecosystems.  In this paper, we hypothesize not only 

that cultivation diminishes the short-range order and Fe-organic-complexes (increasing 

crystallinity ratios), but that forest growth can greatly elevate the activity of soil Fe 

oxides (decreasing crystallinity ratios) relative to long-continued cultivation. 

4.2 Methods  

Site description and history 

Located in Southern Piedmont of eastern North America, all study sites are at or 
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within a few kilometers of the Calhoun Experiment Forest (34.61 N, 81.72W), a long-

term soil ecosystem study site managed by the USDA Forest Service and Duke 

University (Richter and Markewitz 2001). The sites have a humid warm temperate 

climate, with mean annual precipitation of about 1215 mm, mean winter temperature of 

about 5.5o C, and mean summer temperature of about 25o C (Southeast Regional Climate 

Center, 2005).  Dominated by kaolinite clay, quartz, and Fe and Al oxides, and 

prominent low-CEC kandic subsoils, soils at depth at Calhoun area are acidic, clayey Bt 

horizons.  The main crystalline framework of Fe- and Al oxides indexed by DCB-

extractable Fe and Al closely tracks the soil clay fraction within the upper 3 m of soil (Li 

et al. 2008).  Soils are classified as fine kaolinitic, thermic Typic Kanhapludults, all 

derived from granitic gneiss.  Broad upland interfluves characterize the majority of the 

landscape, locally dissected by stream channels, thalwegs, and gullies of natural and 

agricultural origin.   

Hardwood forests dominated the upland Piedmont at the time of early European 

settlement (pre-1750), and their extent at that time greatly exceeded that which exists 

today. Because Native American settlements were common in the Piedmont, 

agricultural fields were historically part of the landscape, although mainly in alluvial 

terraces (Richter and Markewitz 2001). 

Currently, three major land use types characterize much of the Piedmont region 

in rural South Carolina: remnant, uncultivated oak-hickory hardwood forests nearly all 
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of which have been grazed by cattle and pigs, harvested of fuel wood and timber 

products, cultivated and agricultural land (managed for pasture, hay, and a few annual 

crops), and old-field pine and mixed pine-hardwood forests growing on former 

cultivated lands.  The region and all of the pine forest and cultivated sites in this study 

were dominated by cotton agriculture for up to 150 years, from 1800 to 1950.  Since the 

time of major farm abandonment that began in the 1920s, land-use patterns have been 

dominated by reforestation of old fields either through natural forest development that 

leads generally to old-field pine or pine–oak–hickory mixed forests or by planted pine 

stands mainly of Pinus taeda L (Richter and Markewitz 2001). 

 

Field Sampling 

To evaluate effects of many decades and even several centuries of land-use 

practices on surficial soil Fe-oxides, we selected three 0.09-ha plots in each of three 

ecosystems to represent the common trajectory of land-use development in the upland 

southern Piemont.  The three ecosystems were: 1) uncultivated old oak-hickory 

hardwood forests; 2) cultivated fields were formerly in cotton prior to the 1950s where 

conventional tillage and fertilization are used annually to produce wheat, sorghum, and 

corn; and 3) old-field pine forests that are each about 50 years in age since last 

cultivation for cotton.  All nine plots were selected to have soils as similar as possible 

except for land-use history.  Plots were all on generally level (<10% slope) upland 
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interfluves that were derived from granitic gneiss and had closely similar and 

pedologically related soils (Appling, Cecil or Madison series).  At each plot, we collected 

and composited 9 samples (0 to 7.5 cm depth mineral soil) in a stratified random manner 

across the 0.09-ha plot using a 6-cm diameter corer.  Table 1 contains a summarized 

history and set of characteristics of the nine plots. 

To evaluate effects of old-field pine forest development over several decades, 

samples were taken from the Calhoun Experimental Forests’ soil archive from 

collections made in 1962 and 1997.  Samples were collected from 16 permanent plots 

with 2-cm dia punch tubes from the same four soil layers, 0-7.5, 7.5-15, 15-35, and 35-60-

cm.  Within each plot at least 20 punch tube collections were made in a stratified random 

design and the individual cores were composited.  These archived soils have been used 

for many other analyses (Richter et al. 1999, Li et al. 2008).  

Under a set of five 40 to 50-year-old pine forests supported by old-field soils that 

were differentially eroded, samples were taken from the surficial soils (0 to 7.5-cm 

mineral soil).  These samples were analyzed as to their iron fractions in order to evaluate 

the effects of erosion and reforestation on iron oxide transformation over decades.  

To examine accretion of Fe in O horizons of old-field pine stands, samples from 

forest floor were collected in 2008 from three 50-year-old old-field pine forests at the 

Calhoun Experimental Forest.  These forests were supported by similar soils and 

interfluve landforms.  At each pine forest, three sampling points were randomly 
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determined and an approximate 20 x 20-cm square sampling area was used to 

subsample layers of litter materials down through the Oi, Oe, and Oa horizons.  Of each 

layer, the sub-horizons were carefully identified based on the stage of decomposition 

such as color and structure and materials subdivided into pine needle and non-needle 

samples.  The non-needle materials could include the crown, trigs, leaves from mixed 

pine, oak-hickory species. In total, three sub-horizons of Oi, two of Oe and one of Oa 

were sampled.  Fresh needles were also collected from each of three freshly-felled trees 

in the spring of 2008. 

 

Laboratory Chemical Analysis 

Forest floor materials were oven dried (70o C for 48 hr) and samples passed 

through a Wiley Mill.  Mineral soils were air dried, passed through a 2-mm screen, and 

prior to being prepared for extractions.  

To determine total Fe in the forest floor and fresh needles, 0.5-gram powdered 

material was weighed into Teflon tubes, mixed with trace metal grade acids (5 ml HNO3 

and 3 ml HClO4), and carefully boiled for nine hours at 138 oC (±3oC) and for three 

additional hours at 208oC (±3oC).  After cooling, the digests were diluted to 50 ml in 

polypropylene centrifuge tubes with deionized water (Zasoski and Burau 1977). 

Concentrations of total Fe were analyzed by atomic absorption spectrophotometer (5100 

PC, Perkin-Elmer). 
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Three different chemical extractions were conducted to index various fractions of 

the Fe oxides in mineral soils.  Most actively cycling or “labile” Fe concentrations were 

extracted with 0.05 M HCl (Lovley and Phillips 1986) and 0.2 M acid ammonium oxalate 

(AAO) at pH 3.0 (Carter 1993; Loeppert and Inskeep 1996).  While AAO extracts short 

range ordered (SRO-) Fe oxides, HCl extractions target the most soluble SRO- oxides 

(Kostka and Luther 1994; Thompson et al. 2006).  To extract more crystalline Fe oxides, 

we use dithionite-citrate (DC) solutions (Page 1982).  DC extractions subject SRO and 

more crystalline forms of soil Fe oxides to reductive dissolution.  Extractable oxide 

fractions are referred to as HCl-Fe for HCl extractable fractions, AAO-Fe for oxalate 

extractable fractions and DC-Fe for dithionite extractable fractions.  The ratio of oxalate- 

over DCB-Fe was proposed to index the degree of crystallinity of soil iron oxides (Blume 

and Schwertm.U 1969). 

4.3 Results&discussion 

Effects of land use changes on Fe oxides 

Land use effects substantially alter a number of soil properties and processes that 

can affect Fe oxide chemistry.  On the Calhoun landscape, long-term cultivation and 

reforestation have transformed the soil ecosystem physically, chemically, and 

biologically, substantially altering in the quality and quantity of soil organic matter, 

rates of erosion and acidification, assemblages and activities of soil biota, and the 
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dynamics of nearly all macro-nutrients and trace elements (Billings and Richter 2006; 

Callaham et al. 2006; Li et al. 2008a; Markewitz et al. 1998; Richter et al. 2006; Richter et 

al. 1999b) 

To summarize how long-term cultivation and subsequent reforestation has 

altered soil fractions of Fe-oxides, Table 13 compares hardwood forest soils never 

cultivated or fertilized, long-cultivated agricultural soils, and old-field soils affected by 

about 50-years of pine forest development.  Cultivation and other practices related to 

farming tend to greatly increase crystallinity of the Fe-oxides, the index of crystallinity 

(the quotient of DC-Fe to AAO-Fe) ranged from 3.9 to 8.3 in the surficial layers of 

Calhoun hardwood soils and from 12.6 to 25.5 in soils currently cultivated.  Under the 

three 50-year-old pine forests, this index ranges from 3.6 to 6.5, impressively large 

apparent shifts in the structure, composition, and reactivity of the oxides.   

Higher indices of oxide crystallinity in cultivated soils may have two 

explanations.  First, cultivation accelerates the decomposition of soil organic matter, 

likely affects decomposition of organic compounds that complex Fe (Blume and 

Schwertmann 1969; Hughes 1982).  Secondly, the crystallinity of Fe oxides is highly 

depth dependent, increasing with depth in soils from organic-enriched A horizons to 

organic-poor B horizons (Blume and Schwertmann 1969).  The nine plots described in 

Table 13 although carefully selected for comparability of soils and to minimize impacts 

of erosion are by no means identical.  Although the textures of all surfaces soils are 
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loamy sands or sandy loams, clay concentrations range from 2 to 15% (Table 1), which 

even in these low-activity soils may influence Fe oxide dynamics.  Even these subtle 

differences in texture class and clay concentrations may suggest that cultivated soils are 

more eroded than old-field pine soils and that the patterns of crystallinity in Table 13 

may in part be due to sampling oxides that were resident deeper in the soil profile prior 

to cultivation.   

 

Decrystallization of Fe Oxides by Reforestation 

To investigate more closely how comparisons of Fe oxides among the nine land-

use plots represented actual changes due to land use activities or whether they were 

attributable to inherent differences in the landscape and soils, we devised two further 

comparisons.  We examined changes in Fe oxide chemistry in the Calhoun soil archive 

(in which permanent soil plots have been sampled and archived throughout the 

development of an old-field pine forest) and under a set of five 40 to 50-year-old pine 

forests supported by old-field soils that were differentially eroded providing us a wide 

range of Fe oxide concentrations. 

In the first comparison, Fe oxide chemistry of soils sampled and archived in 1962 

and 1997 indicated important effects of pine forest development significantly reducing 

Fe oxide crystallinity over 35 years of forest growth.  Indices of crystallinity decreased 

from 9.08 to 6.60 in the surficial 7.5-cm of mineral soil (p=0.014, based on a paired t-test 
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of the 16 plot samples).  The quotient decreased specifically due to an increased AAO-Fe 

(significant at p<0.0001), not due to changes in DC-Fe (Table 14).  We attribute these 

changes to the large fluxes of organic matter that have been processed by soils of the 

Calhoun forest over these decades.  Dissolved organic carbon averages >30 mg L-1 in 

water that infiltrates the upper layers of mineral soil (Mobley et al. 2008).  These 

compounds are aromatic-rich with high concentrations of carboxylic and phenolics 

functional groups (Mobley et al. 2008), compounds able to complex Fe and highly 

reactive toward Fe oxides. 

To substantiate our data on the extent to which old-field pine forests are 

involved in a decrystallization of soil Fe oxides, samples of surficial mineral soils from 

five 40-50 year old loblolly pine stands growing on a range of eroded old fields across 

the Sumter National Forest.  The samples provided soils with a wide range of Fe oxides 

concentrations that were hypothetically more crystalline compared with the relatively 

uneroded soils of the long-term Calhoun soil experiment whose changes in Fe oxides are 

reported in Table 14&15.  In the most eroded soils (Cecil II), the CI is only up to 13.5 

(Table 15), which is much lower than the expected values in a most eroded soil profile. 

Therefore, the CIs have been greatly diminished across the five soil profiles by 

reforestation.  Results from this additional study indicate that erosion and pine forests 

were compromising readily detectable changes in crystallinity of Fe oxides (Figure 11).  

The depth-dependence of crystallinity was clearly observed which were confirmed by 
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the effects of four or five decades of forest development on the crystallinity of iron 

oxides.   

We conclude that compared with space-for-time comparisons (Figure 11), 

periodic resamplings of long-term plots (Table 14) provides far more precision for 

examining decadal rates of change in soil Fe oxides.   

 

Fe accretions in forest floor 

Transformations in mineral soil Fe oxides at the long-term Calhoun soil 

experiment were accompanied by accretions of Fe in O horizons that totaled about 473 

kg ha-1 over four decades of pine forest development.  Three 40~50-year loblolly pine 

stands were sampled of their forest floors by meticulously sampling pine needles and 

non-needle materials in sub-horizons of O horizons accumulating on old-field Cecil, 

Appling, and Madison-series soils.  Our results indicated that Fe concentration increased 

with depth for both needle and non-needle materials (Figure 12).  Total Fe in fresh 

needle averaged 74 ug g-1, which very rapidly increased nearly 1 to 4-fold as needles 

reside in superficial Oi and Oe horizons during the course of a few years.  The Fe 

concentrations increase by 40 to 120-fold as needle and non-needle materials are 

incorporated into Oa horizons (Figure 12). Iron accumulated more rapidly in non-needle 

materials than needles within given sub-horizons except in the most surficial horizon in 

P1 (Figure 12). 
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Accumulation of Fe by forests: a review 

A review of the literature of forest Fe cycling studies includes seven pine forests 

and six hardwood forests with a forest age of 50 to more than 200 years (Table 15).  In 

general, Fe accretion in forest floor is depth dependent that the upper layer of forest 

floor (1 to 5 year old litterfall) has much less Fe than the deeper O horizon.   

The estimates for throughfall and litterfall are generally similar in all pine and 

hardwood forests, especially in relation to the amount of Fe stored in O horizons.  The 

sum of the two fluxes, which represent the major resupplies of Fe to the forest floor via 

biological and atmospheric fluxes, is less than 2 kg ha-1 yr-1 with most of sites.  Total Fe 

accumulation in forest floor can reach 182 to 473 kg ha-1 at different sites.  Of the six sites 

with estimates on throughfall, litterfall and total O horizon accretion, the ratio of total O 

horizon over the sum of throughfall and litterfall (Ototal / (L+T)) ranged from 90, 251, 

284, 401 and 1562 in forests that are 20 to 185 years of age.  Clearly, the Fe cycle contrasts 

very greatly with other nutrients in which the primary inputs to O horizons are litterfall 

and throughfall.   

These data indicate that forest accretions of Fe in forest floor are common and 

large and can only be attributed to a variety of supplies directly from underlying 

mineral soils. We attribute the large O-horizon accretions to organic-matter 

complexation and interactions with the large pools of mineral-soil Fe oxides.  
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Bioturbation and upward diffusion of Fe from underlying mineral soils must operate 

much more rapidly than the biological and atmospheric fluxes that via litterfall and 

canopy throughfall combine to supply macrontrients and trace element to the accretions 

in forest floor.   

 

Mechanism of Fe oxides transformation: New hypothesis 

The increases of labile and recalcitrant Fe are up to 275.8 and 8573 kg ha-1, 

respectively, which is believed to be a primary source to other bioavailable pools and 

accretion in biomass.  The changes of recalcitrant Fe is still much less than the total Fe in 

mineral soil, which has approximately 30400 kg Fe ha-1 assuming 1% Fe in total mass of 

mineral soils at 15 to 35-cm.  This indicates over one quarter of total Fe oxides in the 

most crystalline form has been transformed in the soil during five decades’ forest 

growth.  Similarly, some fraction of recalcitrant fraction has been transformed to labile 

fraction, which at a very small percentage of total transformed to the bioavailable 

fraction.  Of these dramatic changes, what is the underlying mechanism that drove the 

mineral weathering and chemical alteration from recalcitrant to bioavailable fractions?   

Bioturbation is the disturbance of soil and sediment layers by biological activity, 

and it affects the ecology of terrestrial ecosystems.  The communities of invertebrates 

that cause bioturbation, especially earthworms, are a major component of soil fauna 

communities in most agricultural and forest ecosystems and comprise a large proportion 
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of macrofauna biomass (Lee 1985).  With “every particle of earth … passed through the 

intestines of worms” (Darwin 1881), earthworms transform mineral soils to a 

significantly different form known as a cast.  Earthworm casts enhance soil structure and 

soil aggregate stability, and hence regulate the cycling of a wide array of nutrients such 

as soil C, N, P, and microbial diversity (Curry and Byrne 1997; Jouquet et al. 2008a; 

Jouquet et al. 2008b; Kizilkaya 2005; Lee 1985; Parkin and Berry 1994; Suarez et al. 2004).  

Although the Calhoun pine ecosystem showed relatively low populations of 

macroinvertebrate populations (Callaham et al. 2006), the microbial processing of Fe 

oxides through the low populations (e.g. earthworms) could be very significant.  That 

Earthworms affect soil physical and chemical properties provides ample justification for 

an investigation of their effects on Fe oxides, a phase highly susceptible to interactions 

with organic matter.  Transformation of Fe oxide is influenced by various aspects of the 

carbon cycle (plant growth, litterfall, decomposition). A large amount of recalcitrant Fe 

oxides along with continuous organic additions in forests are substantially transformed 

as they are incorporated into mineral soils, a process that is hypothetically mediated by 

earthworms as the dominant driver of organic matter decomposition.  However, the 

underlying mechanisms have not been examined.   

We hypothesize that earthworm casts -- the product of ingestion organic matter 

and mineral soil particles followed by the partial digestion and oxidation of organic 

matter, greatly increase the reactivity and bioavailability of Fe oxides relative to 



 

 71 

 

surrounding bulk soils.  

4.4 Conclusion  

The study found out that forests growth substantially increased the 

bioavailability of Fe oxides relative to long-term cultivation and that Fe in forest floor 

increased with depth and accumulated more quickly in the non-needle materials than 

the needle materials.  The simultaneous and large increases in different Fe fraction in 

mineral soil and Fe accretion in forest floor suggested a substantial mineral soil 

weathering and dissolution, and an upward Fe complexation with forest floor during 

the secondary forest growth.  The rapid rates of the Fe fluxes at Calhoun pine forests 

suggest new mechanisms by which plants and mineral soils interact.  A large amount of 

recalcitrant Fe oxides along with continuous organic additions in forests are 

substantially transformed as they are incorporated into mineral soils, a process that is 

hypothetically mediated by earthworms as the dominant driver of organic matter 

decomposition.  Study on the interaction of organic matter, minerals and microbes in 

terrestrial ecosystems are a fresh look at the central theme of plant-animal-soil 

interactions that has been explored for several decades.   
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5. Conclusion 

Two-centuries of land use history have exerted profound effects on soil systems, 

their ecosystem biogeochemistry, their variance and spatial structure.  Relative to forest 

ecosystems, long-term cultivation greatly reduces the spatial heterogeneity of nearly all 

soil nutrients (C, N, base cations, and trace elements) and dramatically diminishes the 

crystallinity and presumably the activity of soil iron oxides.  On the other hand, old-field 

forest growth on previously cultivated soils not only re-structures heterogeneity of soil 

trace elements within a few decades but greatly alters mineral-soil bioavailable fractions.  

Old-field pine reforestation also alters crystallinity of Fe oxides within a few decades, 

presumably altering the role of oxides in ecosystem function. 

Our first study contributes to the field of soil, ecosystem, and biogeochemical 

sciences mainly by quantifying: 1) variances and within-plot spatial patterns in soil C 

and major and trace elements that were much greater under hardwood and pine forests 

and less so under cultivation, all as evidenced by within-plot variances, Cochran C tests, 

kriging maps, autocorrelograms, and trend surface analysis; and 2) high within-plot 

variances for most soil properties, variances that are land-use history dependent and 

that indicate a need for the ecological research community to better match soil-sample 

sizes with the extreme heterogeneity of many soils.  The second study demonstrated 

how four decades of forest growth could (1) significantly deplete mineral-soil oxalate-
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extractable B and Mn, by 4.1 and_57.7 kg/ha, depletions comparable to accumulations in 

biomass plus O horizons, 2.9 and 49.6 kg/ha, respectively (indicating uptake greatly 

exceeded resupply); (2) change little the HCl- and AAO-extractable Zn and Cu during 

forest growth, indicating that Zn and Cu resupplies kept pace with accumulations by the 

aggrading forest; and (3) increase substantially oxalate-extractable Fe during forest 

growth, by 275.8 kg/ha in the upper 60-cm of mineral soil, about 10-fold more than 

accumulations in tree biomass (28.7 kg/ha).  This remarkable latter finding led to a study 

of the dynamics of Fe oxide dynamics which demonstrated not only that long-term 

cultivation substantially increased the crystallinity of Fe oxides but that four decades of 

pine forests growing on old-field soils decreased indices of crystallinity within decades 

time scales.  These changes are hypothesized to be due to the dynamics of organic 

matter during ecosystem conversion to cultivation-based agriculture and reforestation 

by pine.  Although the forest Fe cycling literature is not large, it does indicate large 

contents of Fe can be found in O horizons, much larger than can be accounted for by 

inputs from litter- and throughfall.  These patterns suggest the importance of upward 

translocations of Fe by bioturbation and simple diffusion.  The mechanisms for how 

organo-Fe oxides in surface soils are transformed by these processes are important 

topics for future study. 
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Table 1  Plot characteristics of the three land uses (hardwood, cultivation and old-field 
pine) at the Calhoun Experimental Forest, SC USA.  
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Table 2  Means and among-plot coefficients of variation of surficial soil properties (0-7.5-
cm) of three 0.09-ha plots in the three ecosystems. 

Soil  Unit Hardwoods   Cultivated Crops   Old-field Pines 

variable  Mean CV%  Mean CV%  Mean CV% 

  Concentration 

C % 2.91 
a
 12.2  1.37 

b
 23.2  1.03 

b
 30.3 

N % 0.157 
a
 3.7  0.113 

a
 18.4  0.043 

b
 35.3 

C:N - 18.73 
a
 17.2  11.63 

b
 6.7  23.93 

a
 9.2 

Db g/cm3 1.04 15.1  1.313 0.9  1.22 8.3 

pH - 5.38 14.9  5.17 15.4  4.54 12.6 

Moisture % 21.63 17.2  17.13 34.8  11.29 35.6 

Ca cmol+kg
-1

 2.42 75.3  1.623 117.4  0.623 152.4 

Mg cmol+kg
-1 

0.733 64  0.753 99.7  0.163 131.4 

K cmol+kg
-1 

0.217 
ab

 18.7  0.423 
a
 42.3  0.053 

b
 96.2 

BC † cmol+kg
-1 

3.37 68.5  2.817 93  0.84 144.5 

Mn ug g
-1

 114.4 70.7  121.4 37  23.86 140.6 

Fe ug g
-1 

10.43 106.1  5.62 60.5  20.37 16.9 

Zn ug g
-1 

2.103 19.3  1.757 68  0.623 40.8 

Cu ug g
-1 

0.42 22.7  0.833 70.5  0.353 36.9 

  Content 

C 10
3
 kg ha

-1
 21.4 

a
 25.4  13.32 

ab
 22.9  8.89 

b
 21.3 

N 10
3
 kg ha

-1
 1.15 

a
 8  1.14 

a
 17  0.37 

b
 29.6 

Ca kg ha
-1

 329.3 77  321 118.1  99.2 151.8 

Mg kg ha
-1

 61.7 59.6  88.8 100.7  15.9 128.5 

K kg ha
-1

 63.3 9.1  162.2 43.4  17 90.6 

BC † kg ha
-1

 454.8 63.3  572.1 78.4  132.4 140.5 

Mn kg ha
-1

 80.3 70.6  118.25 38.3  20.6 138.1 

Fe  kg ha
-1

 9.08 118.4  5.44 60.1  18.46 16.6 

Zn  kg ha
-1

 1.53 14.8  1.7 68.2  0.56 31.4 

Cu kg ha
-1

 0.323 12.5   0.827 71.8   0.313 27.9 

† denotes the sum of Ca, Mg and K.  

   The different small letters in the same row denote a significant difference among the  
means.   
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Table 3 Comparison of the variances of all plots in three ecosystems or plots between 
two ecosystems (hardwood vs. cultivation, pine vs. cultivation) using the Cochran’s test 
of testing the maximum variance against all others.  Bold numbers denote the first three 
significantly largest variances than eight, seven or six plots, respectively. 

Soil H1 H2 H4 C1 C2 C3 P1 P2 P3 Cochran p -value

Variable C value

C 0.27   3.53    4.07    0.05   0.13     0.01    0.30    0.09   0.50    0.45 < 0.001

N 0.001 0.006  0.002  0.000 0.001   0.000  0.000  0.000 0.001  0.56 < 0.001

C:N 2.67   9.88    27.0    0.13   0.66     0.58    14.88  6.22   6.95    0.39 < 0.001

Db 0.02   0.04    0.03    0.05   0.02     0.03    0.03    0.03   0.03    0.17 0.2128

pH 0.35   0.08    0.34    0.07   0.17     0.10    0.42    0.03   0.09    0.25 < 0.001

Moisture 11.2   60.6    164.5  4.5     20.7     3.58    14.16  2.84   20.52  0.54 < 0.001

Ca 5.0     0.88    4.5      0.1     0.42     0.01    1.88    0.002 0.02    0.39 < 0.001

Mg 0.11   0.05    0.22    0.04   0.10     0.01    0.04    0.000 0.005  0.39 < 0.001

K 0.008 0.016  0.009  0.010 0.01     0.02    0.003  0.000 0.001  0.28 < 0.001

Mn 2757 2513 1647 634 3515 151 1142 1.62   78.90  0.28 < 0.001

Fe 4.89   184.7  3.4      32.8   0.38     1.59    131     11.46 119     0.38 < 0.001

Zn 0.54   3.66    0.5      0.22   0.89     0.01    0.07    0.48   0.38    0.54 < 0.001

Cu 0.03   0.01    0.04    0.02   0.27     0.02    0.09    0.01   0.02    0.54 < 0.001

Variance
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Table 4  Significant regression coefficients of trend surface analysis (TSA) illustrated in 
Eq. [1], and coefficients of determination (r2), for soil C, N, C/N, Db, pH, moisture and 
acid-extractable Ca, Mg, K, Mn, Fe, Zn and Cu in the nine plots. 

 

Plot Soil β0 β1 x β2 y 
β3 

xy 
β4 x2 β5 y2 r 2

  property              

Organic C, N, C/N 
All † C NS †† 
H2 N 0.26 - - 0.001 - - 0.22

C1 C:N 12.35 -0.08 - 0.001 - -0.001 0.76

C2 C:N 9.58 0.24 - -0.005 -0.006 - 0.74

C3 C:N 11.05 0.12 - - -0.003 - 0.68

P3 C:N 18.06 - 0.73 - - -0.019 0.38

Moisture, Db, pH 
H1 Moisture 24.0 - - - 0.022 - 0.30

C3 Db 1.32 - - 0.001 - - 0.35

H1 pH 6.12 - - - - -0.005 0.40

H2 pH 3.65 - 0.09 - - - 0.24

H4 pH 6.22 -0.12 - - 0.005 - 0.37

C1 pH 5.56 - -0.08 - - 0.002 0.32

C2 pH 5.40 0.10 - -0.004 -  0.52

P3 pH 4.82 - -0.09 - - 0.003 0.70

Acid extractable Ca, Mg, K 
H4 Ca 7.90 -0.50 - - - - 0.37

C3 Ca 0.27 - - - - 0.001 0.33

H1 Mg - - 0.094 - - -0.003 0.23

All † K NS †† 
Acid extractable Mn, Fe, Zn, Cu 

C1 Mn 150.3 -3.43 -4.58 - - 0.10 0.84

C2 Mn 341.9 - -21.83 0.34 - 0.48 0.51

P3 Mn - - -1.77 - - 0.06 0.65

H1 Fe 6.37 - -0.72 - - 0.02 0.36

H4 Fe - - - - - -0.01 0.49

P2 Fe 9.72 0.93 -0.03 - - - 0.59

C1 Zn 3.37 - -0.15 0.002 - 0.003 0.50

C2 Zn 6.16 - -0.29 - - - 0.34

C2 Cu - 0.15 - - - - 0.32

C3 Cu 0.601 -0.03 - - 0.001 - 0.45

P1 Cu - - - - 0.002 - 0.34

† denotes nine plots        

†† denotes no significance       
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Table 5  Summary of significant Moran's I values for C, N, C/N, base cations, trace 
elements and Db, pH and moisture in nine plots. The unit of the distance for spatial 
dependence is meter. 

Soil H1 H2 H4 C1 C2 C3 P1 P2 P3 H, C, P † 

Hypo- 

thesis ††  

variables                    

C -6 -6, -8 -6  -6 -6 -8 -10 -8 3, 2, 3 S 

  +18          

N -6 -6, -8   -6   -10 -8, -10 2, 1, 2 S 

  +18     +18     

K -10 -8 -6   -4 -6, -10  -8, -10 3, 1, 2 S 

      +16      

Mn -2 -6, -8 -6      -10 3, 0, 3 S 

  +18     +12 +18 +18   

Zn -6, -10 -6 -10    -6 -4 -4, -10 3, 0, 3 S 

  +18 +18         

Fe -2 -2 -4 -2    -2 -4 3, 2, 3 S 

  -6, -10   +16  +16     

pH -6   -8  -4 -8  -4, -8 2, 2, 2 U 

  +20          

Mg  -6 -6  -4 -4 -6 -2, -10 -8, -10 2, 2, 3 U 

      +16 +18  +18   

Ca  -6, -8  -8  -6, -16 -6 -10 -8, -10 1, 2, 3 U 

  +18    +18 +18     

Cu -6  -12 -2 -6   -8  3, 2, 1 U 

  +16 +16         

  +16  +18        

C: N  -14 -6 -14  -6, -16 -8 -10  2, 2, 2 U 

  +16  +18  +18  +16    

Moisture -6 -8 -6 -2 -18 -6 -8 -2 -10 3, 3, 3 U 

      

+10, +16, 

+20         

Db  -6, -8   -6 -6 -8   1, 2,1 R 

Note: for each variable, the first row indicates the significant negative autocorrelation at the listed lag 

distance, and second row positive autocorrelation at the listed lag distance. 

† denotes the total number of plots with significant autocorrelation detected by Moran’s I.  

†† S, R represent the variables that supported or rejected the original hypothesis, respectively; U denotes 

unclear evidence as to support or reject the original hypothesis. 
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Table 6 General physical and chemical properties of the Ultisols from the long-term     
soil experiment at the Calhoun Experiment Forest, SC USA. Soil data are from 1990 
samplings (Richter et al., 2006) 
       Exchangeable/extractable †     Total   

Horizon   Dept h   pHs *   SOC   Clay   BC   ECEC   SO 4       Fe   Fe   Mn   Cu   

    ( m )                               ----  %  ----         ----  mmolc kg - 1   ----         ----  g  kg - 1   ----      --  mg  kg - 1   --   

A   0 - 0.075   3.8   0.67   10.0   1.1   11.9    0.2   1.73   7.1   217   4   

E   0.075 - 0.15   4.2   0.41   13.0   0.9    7.7    0.2   2.48   7.1   217   4   

EB   0.15 - 0.35   4.4   0.31   18.0   3.5   10.0    1.1   7.30   10.7   216   6   

BE   0.35 - 0.6   4.4   0.33   39.3   14.5   23.7    7.8   20.85   28.2   172   15   

Bt   0.6 - 1.0   4.0   0.23   48.5   13.0   29.2   10.2   30.94   44.5   152   22   

Bt   1.0 - 1.5   4.0   0.23   42.9   5.8   26.6   10.1   28.64   42.8   164   22   

BC   2.0 - 2.5   4.0   0.07   37.7   1.7   32.7    8.3   16.37   34.6   210   23   

CB   2.5 - 3.0   4.0   0.08   28.5   2.1   36.2   -   11.32   -   -   -   

       
* 
  pHs is soil pH in 0.01 M CaCl 2   .   

          †   Exchangeable BC is the sum of NH 4 - acetate exchangeable Ca, Mg, and K; ECEC is 

effective cation exchange c apacity, BC plus KCl - acidity; extractable SO 4  is NH 4 VO 3 - 

extractable; and extractable Fe is dithionite - citrate - bicarbonate extractable Fe (Richter et  

al. 1994, Markewitz et al. 1998, Richter et al. 2006).      
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Table 7  Summary of elemental accretions in tree biomass and forest floor (1957 to mid-
1990s), mineral-soil depletions (1962 to 1997), and ecosystem fluxes of canopy litterfall, 
canopy throughfall, and net soil leaching at Calhoun long-term soil experimen 
 

Components, fluxes B Mn Zn Cu Fe

35-yr removals
∗

Plant biomass 2.1 24.7 2. 5 0.34 28.7

O horizon 0.8 24.9 2.3 0.56 472.6

Net soil leaching† NA -2.3 0.7 <0.001 2.1

Total 2.9 47.3 5.5 0.9 503.4

Annual internal flux

Litterfall 0.04 3.49 0.13 0.01 0.19

Throughfall NA 1.39 0.86 0.01 0.11

Total NA 4.88 0.99 0.02 0.3

35-yr Soil Changes

HCl-extractable ‡ -2.5 -20.2 -0.3 0.2 9.6

( 1 SE) -0.05 -0.5 -0.01 -0.01 -0.23

AAO-extractable ‡ -4.1 -57.7 0 0.8 275.8

( 1 SE) -0.2 -2.9 -0.02 -0.06 -19.6

Soil Trace Elements (kg ha
-1

)

 

   ∗ denotes nutrient content of all vegetation components including stemwood, 

stembark, foliage, live and dead branches, and roots.   

 † denotes net leaching estimates which represent differences of total leaching output 

minus atmospheric input.  Soil leaching is the estimated leaching at 60-cm soil depth 

assuming a median 30-cm runoff annually.   

  ‡  denotes changes which were only estimated when trace element concentrations were 

significantly different between 1962 and 1997 (see Table 8). 
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Table 8  HCl- and AAO-extractable trace elements in 1962 and 1997 in Calhoun soils. 

(a)

B Mn Zn Cu Fe

0-0.075 0.304 16.15 0.372 0.188 14.36

0.075-0.15 0.26 11.72 0.201 0.14 8.23

0.15-0.35 0.311 8.21 0.096 0.179 5.53

0.35-0.60 0.402 2.47 0.06 0.14 6.71

0-0.075 0.032**** 2.79**** 0.206**** 0.259 19.36*

0.075-0.15 0.030**** 7.40**** 0.151**** 0.238* 11.68**

0.15-0.35 0.043**** 7.78 0.087 0.222 5.26

0.35-0.60 0.096**** 1.95 0.039*** 0.238* 5.93

0-0.075 -0.31 -15.23 -0.19 NS 5.69

0.075-0.15 -0.26 -4.92 -0.06 0.08 3.93

0.15-0.35 -0.82 NS NS NS NS

0.35-0.60 -1.1 NS -0.07 0.07 NS

0-0.60 -2.5 -20.2 -0.3 0.16 9.6

(b)

B Mn Zn Cu Fe

0-0.075 0.7 63.47 0.96 0.584 186.4

0.075-0.15 0.612 68.32 0.537 0.616 202.4

0.15-0.35 0.659 40.29 0.315 0.493 185.9

0.35-0.60 0.31 15.42 0.293 0.443 333.5

0-0.075 0.225**** 40.49**** 0.771 0.577 248.7****

0.075-0.15 0.226**** 58.40** 0.491 0.597 255.6****

0.15-0.35 0.100**** 50.4 0.375 0.656 233.4***

0.35-0.60 0.000**** 11.14 0.225 0.650**** 330.4

0-0.075 -0.54 -37.73 NS NS 70.9

0.075-0.15 -0.44 -19.98 NS NS 60.6

0.15-0.35 -1.97 NS NS NS 144.3

0.35-0.60 -1.1 NS NS 0.79 NS

0-0.60 -4.1 -57.7 0 0.79 275.8

1997 sample concentrations (ug/g)

Change in contents 1997-1962 (kg/ha)

Change in contents 1997-1962 (kg/ha)

Soil layer 

(m)

AAO-Extractable Trace Elements

1962 sample concentrations (ug/g)

Soil layer 

(m)

HCl-Extractable Trace Elements

1962 sample concentrations (ug/g)

1997 sample concentrations (ug/g)
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*, **, ***, **** means significant at the 0.05, 0.01, 0.001 and 0.0001 probability levels, 
respectively, for obtaining a greater F for contrasts between 1962 and 1997.    “NS” 
indicates a nonsignificant difference.  
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Table 9  Mean concentration and distribution of Fe, Mn, Zn and Cu throughout aquatic 
continuum from April 2004 to April 2006 at Calhoun Forest, South Carolina, USA. 

  Hydrologic  Concentration   Flux 

Depth flux   Cu Zn Mn Fe   Cu Zn Mn Fe 

 cm yr
-1

  ug/L mg/L  kg ha
-1

 yr
-1

 

Bulk precipitation 123  0.45 0.008 0.007 0.004  0.006 0.09 0.08 0.05 

Wet-only precipitation 123  0.48 0.016 0.003 0.004  0.006 0.20 0.04 0.05 

Canopy throughfall  105  0.89 0.080 0.129 0.010  0.009 0.84 1.35 0.11 

O horizon soil solution 101  2.37 0.022 0.296 0.079  0.024 0.22 2.99 0.80 

0.075 m soil solution 97  9.49 0.048 0.160 0.183  0.092 0.46 1.55 1.78 

0.6 m  soil solution 71  1.77 0.038 0.005 0.001  0.013 0.27 0.04 0.01 

2 m soil solution 39  3.75 0.032 0.008 0.002  0.015 0.13 0.03 0.01 

Seep   2.62 0.003 0.034 0.111  - - - - 

Stream     1.68 0.006 0.087 0.144   - - - - 

      Note: Hydrologic flux estimates are taken from a similar study at Calhoun in 1992 to 

1994 (Markewitz and Richter, 1998).  

 



 

 84 

 

Table 10  Mineral soil elemental cycling patterns over decades among forest and soil 
ecosystems at Calhoun Experimental Forest, South Carolina, USA. 
 

40-year pattern Major elements Trace elements 

Depletion 
Total N, Exchangeable Ca & Mg,  
Ca-associated P HCl- & AAO-Mn, B 

Resupply Exchangeable K, Labile P HCl- & AAO-Zn, Cu 

Accumulation Total C, Exchangeable & AAO-Al HCl- & AAO-Fe 
 
Note:  Citation for N (Richter et al. 2000); Ca, Mg and K (Richter et al. 1994; Markewitz et 
al. 1998; Markewitz and Richter, 2000); P (Richter et al. 2006), C (Richter et al. 1999), Al 
(Richter et al. 1994; Markewitz and Richter, 1998). 



 

 85 

 

Table 11 Comparisons of components and annual fluxes of trace elements at Calhoun 
ecosystems.  Although decadal changes in trace elements in the mineral soils can be 
grouped into three patterns, ecosystem cycling patterns range widely among the five 
elements. 
 

Indices of cycling B Mn Zn Cu Fe

Wet deposition / Throughfall -- 0.03 0.22 0.6 0.36

Plant Biomass / O horizon 2.5 1 1.11 0.53 0.06

Plant Biomass / Litterfall 52.5 7.1 19.2 30 151

O horizon / Litterfall 20 7.1 17.7 60 2487

O horizon / (Litterfall+Throughfall) -- 5.1 2.3 30 1575

Oi horizon / Litterfall 2.4 3.1 4.2 7.8 69.7

(Oea horizons) / Oi horizon 7.5 1.3 3.3 6.1 34.7
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Table 12  Trace elements concentrations and contents of litterfall and O horizons of the 
Calhoun forest (1997 collections).  CV% for concentrations is in parentheses. 

  Concentrations (mg kg
-1

)   Contents (kg ha
-1

) 

Horizon B Cu Zn Mn Fe  OM B Cu Zn Mn Fe 

Litterfall 8.1 1.6 27.4 713 39.3  

 (41) (43) (8) (11) (6)  

4900 0.04 0.008 0.134 3.49 0.19 

4.95 4.05 28 560.7 683  Oi 

(14) (14) (9) (32) (25)  

19399 0.095 0.078 0.54 10.74 13.2 

7.15 3.7 17.5 150.5 4755  Oe 

(31) (18) (16) (38) (13)  

51726 0.65 0.329 1.553 13.15 426.5 

9.32 21.7 31.2 156.4 4955  Oa 

(23) (31) (8) (40) (10)  

4540 0.061 0.151 0.208 1.04 32.9 

Total O hr - - - - -  115710 0.806 0.558 2.301 24.93 472.6 

  
    Note: n=16 plots for organic matter (OM), B, Cu, Zn and Mn at each depth, and n=4 
block composite for Fe. Total means the sum of Oi, Oe and Oa, and other materials 
collected in the O horizon samples. 
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Table 13  Effects of land use history on the crystallinity of soil iron oxides (0 to 7.5-cm) at 
Calhoun, SC  
 
 

 
Plot HCl-Fe   AAO-Fe  DC-Fe  Crystallinity 

 ug/g  ug/g  ug/g  DC-Fe/AAO-Fe 

   Hardwood soils       
 H1 4.3  946.4  4731  5.00 
 H2 23.2  666.6  2596  3.89 
 H4 3.8  1041.7  8685  8.34 

   Cultivated soils        
 C1 7.3  641.5  8067  12.58 
 C2 1.7  748.0  19043  25.46 
 C3 7.9  775.4  10223  13.18 

   Old-field pine soils        
 P1 19.7  593.4  3882  6.54 
 P2 17.3  178.8  939  5.25 
 P3 24.1  806.8  2877  3.57 
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Table 14  Changes of iron fractions and crystallinity index in mineral soils (0 to 60-cm)  
from 1962 to 1997 based on 16 permanent plots at Calhoun Exp. Forest 
 

Fe oxide 
fraction or index  

Year of soil collection 
 

1962                        1997 
 

HCl-Fe, ug g
-1

 
 

14.36 
 

19.36* 

AAO-Fe, ug g-1 186.4 248.7**** 

DC-Fe, ug g-1 1608.3 1635.1 NS 

Crystallinity index 9.08 6.60* 

  
Note: * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001 for obtaining a greater F for contrasts 
between 1962 and 1997 (n=16). 
NS, non-significant;    
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Table 15  Effects of erosion and reforestation compromised the changes of CI as 
indicated by five 40 to 50-year-old pine forests across the Sumter National Forest, SC, 
USA. 

  AAO-Fe DC-Fe Crystallinity 

Appling I    

0-7.5cm 0.198 0.986 5.0 

Appling II    

0-7.5cm 0.226 2.22 9.8 

Cecil I    

0-7.5cm 0.343 3.78 11.0 

Madison    

0-7.5cm 0.604 3.31 5.5 

Cecil II    

0-7.5cm 0.391 5.27 13.5 
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Table 16  Summary of literature review on Fe fluxes and pools in different forest 
ecosystems 

Litter type Unit

Site name Calhoun Cascade Urban forest park Hultasvagen Solling Multiple 

Dominant species Loblolly pine Subalpine Aleppo Pine Norway spruce Beech forest sites

Latin name Pinus taeda  L Abies amabilis Pinus halepensis Picea abies Fagus sylvatica

Location SC, US Washington Athens, Greece Sweden Germany

Forest age year ~ 50 ~ 185 > 50 60-80 < 100

Precipitation kg ha
-1

yr
-1

0.10 – 0.035 0.104 0.8 0.23 
10

Throughfall kg ha
-1

yr
-1

0.11 0.2 0.204 0.28

Foliage kg ha
-1

0.17 1.6 – –

Branches kg ha
-1

0.39 – – –

Deadbranch kg ha
-1

0.05 – – –

Stem wood § kg ha
-1

1.59 29.8 3.66 § –

Stem bark § kg ha
-1

0.35 3.0 11.3 § –

Total biomass kg ha
-1

2.55 – – – 2.1

Litterfall kg ha
-1

yr
-1

0.19 0.5 1.66 – 0.259 
11

, 0.544 
12

Oi kg ha
-1

13.2 – – –

Oe kg ha
-1

426.5 – – –

Oa kg ha
-1

32.9 – – –

Ototal kg ha
-1

472.6 198.6 467 – 400 423 
13

Ototal/(TF+L) 1562 284 251

Mineral soil kg ha
-1

>> 780 – 36027 –

Reference ¶¶ 1 2, 3 4 5 14

Pine forest, needle litter, slow decomposition
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(Continued) 
Litter type Unit

Site name Norberg Wishart Danum Valley

Dominant species Rainforest Campinarana Lowland rainforest

Latin name Dipterocarpaceae

Location Sabah, Malaysia

Forest age year 80-120 80-120 20 to over 100 ‡

Precipitation kg ha
-1

yr
-1

0.647 0.647 2.1 2.3 <0.5

Throughfall kg ha
-1

yr
-1

0.439 0.439 2.6 2.5 <0.6

Foliage kg ha
-1

0.3 0.2 – – –

Branches kg ha
-1

2.4 2.2 – – –

Deadbranch kg ha
-1

0.1 0.2 – – –

Stem wood § kg ha
-1

2.4 2.8 – – –

Stem bark § kg ha
-1

1.0 0.9 – – –

Total biomass kg ha
-1

6.2 6.3 – – –

Litterfall kg ha
-1

yr
-1

0.572 ¶ 0.572 0.5 0.2 1.4

Oi kg ha
-1

4 4 – – 3.85

Oe kg ha
-1

63 81 – – 177.9

Oa kg ha
-1

193 320 – –

Ototal kg ha
-1

260.0 405.0 – – 181.8

Ototal/(TF+L) 401 >90

Mineral soil kg ha
-1

3650 2445 – – –

Reference ¶¶ 6 7 8 8 9

~ 240 †

Hardwood forest, lignin enriched and easily decomposible 

Acer saccharum >250 species

Ontario, Canada Amazon

Manaus

Sugar Maple

 
 
† estimated by Vieira et al., 2004;         
‡ based on study by Marsh et al., 1992;         
§ Here stem wood and stem bark represent trunk and branch wood, and trunk and branch bark, 
respectively.   
¶ Several other estimates were revealed and compared in the cited paper, they are 0.1, 
0.3, 0.420, 0.457 and 0.55, respectively.   
¶¶ References: 1, (Li et al. 2008a); 2&3, (Vogt et al. 1987a; Vogt et al. 1987b); 4,(Michopoulos et al. 
2007); 5, (Alenas and Skarby 1988); 6&7, (Morrison 1990; Morrison 1991); 8, (Cornu et al. 1998); 9, 
(Burghouts et al. 1998); 10, (Conko et al. 2004); 11, (Brockley and Simpson 2004); 12,  (Killingbeck 
1986); 13, (Arocena and Sanborn 1999); 14, (Mayer and Heinrichs 1980).
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Figure 1  Relative location of study plots within the Enoree District of the Sumter 
National Forest, South Carolina.  Inset shows the location of the Enoree District relative 
to the state boundary of South Carolina. 
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Figure 2  Example of a spatial stratified random sampling design with three transects 
(T1 –T3).  Small filled circles represent centroids (n=9). Large dashed circle represents the 
potential sampling area around one centroid (radius = 5 m). 

 
locations determined from randomly chosen directions and distances from a centroid.  
The extent of the Kriging maps based on IDW method was determined by the minimum 
and maximum values at x and y axis, therefore, each Kriging map had different extent 
(shape and area). The 30 x 30-m square represents the largest extent that each IDW map 
can attain. 

X’s represent sample 
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(a)  
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(b) 
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(c)   
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(d)  
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Figure 3  Frequency histograms of (a) soil C, N and C:N ratio, (b) bulk density (Db), soil 
pH and moisture,  (c) exchangeable Ca, Mg and K  and (d) exchangeable Mn, Fe, Zn and 
Cu in hardwood (H), cultivation (C) and pine forests (P) after pooling three plots within 
each land use. 

 

 

 

and (0.4, 0.8), respectively. 
The number on x-axis (e.g. 0.4, 0.8 for Carbon) represents a range of (0, 0.4) 
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Figure 4  Overall CVs of soil C, N, C:N, Db, pH, moisture, base cations and trace 
elements in nine plots of three land uses. 
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Figure 5  Sample size requirements for sampling to achieve relative errors for soil bulk 
density (Db), carbon  (C) and Ca, three properties with relative low, medium, and high 
spatial variances, respectively.  The log scale was applied on both axes. 
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Figure 6  Spatial distribution of soil C, Db, and Ca in the nine plots of three land uses. 
The Kriging maps were interpolated by inverse distance weighting (IDW). 
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Figure 7  Moran’s I correlograms for soil bioavailable manganese (Mn) at nine  plots of 
three land uses. Filled circles denote moran’s I values that exhibited significant positive 
or negative autocorrelation.  Obs: observations; LCL: low confident limit; and UCL: 
Upper confidence limit.   
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Figure 8  Location of the randomized complete block design of the Calhoun 
Experimental Forest, SC, USA. The original experiment in 1957 involved planting 
loblolly pine seedlings at one of four spacings, 6 x 6 ft, 8 x 8 ft, 10 x 10 ft, and 12 x 12 ft, 
thus the plot codes of 6, 8, 10, and 12 in each of four blocks. 
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Figure 9  Conceptual diagram of trace element cycling patterns in mineral soils over 
decades at Calhoun Experiment Forest, SC, USA. 

  

As mineral soil supports the growth 
of a forest, its bioavailable nutrients on a net basis are depleted, resupplied, or 
accumulated depending on a balance of inputs, recycling and removals. The 
biogeochemical processes of input and recycling include atmospheric deposition, 
mineral dissolution, deep root uptake, proton inputs (eg, Al), and net sequestration (eg. 
C).  The processes of removal include plant uptake and accumulation in tree biomass 
and forest floor, hydrologic leaching, and erosion. 
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Figure 10  Volume-weighted mean annual concentrations of total Fe and Mn and 
dissolved organic carbon (DOC) in solutions from the Calhoun Experimental Forest, 
South Carolina for the period April 2004 to April 2 
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Figure 11  Soil Fe crystallinity (the ratio of DC-Fe/AAO-Fe) varies with clay content (%), 
land use type, and mineral soil depth.  
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Figure 12  Fe concentrations (ug/g) in fresh pine needles, needle and non-needle 
materials at sub-horizons of three old-field pine forest floor at and around Calhoun 
experiment forest.  

 

Figure 11  Fe concentrations (ug/g) in fresh pine needles, needle and non-needle  
 

 

The asterisk represents the average concentration of fresh needles 
collected from three individual logged trees at Calhoun (P2). The concentrations 
indicated represent Fe concentration in fresh needle and O3 samples.  Missing points 
represented samples contaminated during processing. 
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Appendix I. Descriptive statistics of soil C, N, base cations, trace elements and other soil 
properties in soils sampled to a depth of 7.5 cm at the Calhoun Experimental Forest (a) 
on a mass and (b) area basis. 

(a) 

Soil  Units Mean SD Range   Mean SD Range   Mean SD Range 

variable             

  H1  H2  H4 

C % 2.55 0.52 1.79-4.13  3.26 1.88 1.88-11.90  2.91 2.02 1.96-12.8 

N % 0.16 0.03 0.11-0.21  0.15 0.08 0.08-0.50  0.16 0.04 0.09-0.30 

CN - 16.4 1.63 14.2-20.9  22.4 3.14 17.7-29.1  17.4 5.19 13.6-42.1 

Db g/cm3 0.93 0.14 0.69-1.25  1.22 0.20 0.45-1.46  0.97 0.18 0.33-1.28 

pH - 5.82 0.59 4.82-7.05  4.46 0.28 3.88-5.14  5.87 0.58 4.86-5.88 

Moisture % 21.1 3.35 16.2-28.1  18.2 7.79 9.2-53.7  25.6 12.83 16.8-81.6 

Ca cmol+/kg 3.34 2.23 0.57-8.47  0.32 0.94 0.02-4.97  3.60 2.13 0.82-9.81 

Mg cmol+/kg 0.84 0.33 0.25-1.40  0.22 0.22 0.04-1.12  1.14 0.47 0.61-2.99 

K cmol+/kg 0.26 0.09 0.09-0.50  0.18 0.13 0.05-0.54  0.21 0.09 0.11-0.56 

BC † cmol+/kg 4.44 2.44 0.91-10.3  0.72 1.18 0.15-6.45  4.95 2.59 1.58-13.4 

Mn ug/g 183 52.5 46.9-275  25.2 50.1 1.13-270.8  135 40.59 36.55-214 

Fe ug/g 4.33 2.21 1.52-10.3  23.2 13.6 7.08-68.5  3.76 1.87 1.30-9.08 

Zn ug/g 2.19 0.73 0.88-3.88  1.66 1.91 0.58-10.7  2.46 0.72 0.98-3.94 

Cu ug/g 0.47 0.17 0.23-0.99  0.31 0.11 0.16-0.55  0.48 0.20 0.10-1.12 

  C1  C2  C3 

C % 1.41 0.22 0.74-1.72  1.66 0.37 0.85-2.48  1.03 0.11 0.83-1.26 

N % 0.12 0.02 0.07-0.15  0.13 0.03 0.07-0.20  0.09 0.01 0.08-0.11 

CN - 11.4 0.36 5.9-23.3  12.5 0.81 11.4-14.2  11.0 0.76 10.1-12.8 

Db g/cm3 1.30 0.22 0.83-1.74  1.32 0.12 1.11-1.60  1.32 0.16 0.98-1.68 

pH - 5.00 0.27 4.45-5.62  6.04 0.41 4.37-6.68  4.48 0.32 4.25-5.91 

Moisture %, by mass 13.3 2.11 8.7-17.6  24.0 4.55 15.6-33.8  14.1 1.88 9.5-17.0 

Ca cmol+/kg 0.82 0.33 0.38-1.67  3.80 0.64 2.40-4.84  0.25 0.08 0.11-0.44 

Mg cmol+/kg 0.44 0.21 0.02-0.90  1.61 0.32 1.11-2.25  0.21 0.08 0.10-0.44 

K cmol+/kg 0.27 0.10 0.13-0.53  0.38 0.11 0.24-0.62  0.62 0.15 0.42-1.04 

BC † cmol+/kg 1.53 0.59 0.75-2.74  5.83 0.94 3.91-7.47  1.09 0.28 0.63-1.75 

Mn ug/g 70.1 25.2 27.83-111  154 59.3 68.49-337  140 12.3 118-161 

Fe ug/g 7.30 5.73 3.15-33.8  1.71 0.62 0.65-4.03  7.86 1.26 5.65-11.2 

Zn ug/g 1.76 0.46 0.81-2.76  2.95 0.95 1.39-5.20  0.56 0.11 0.43-0.83 

Cu ug/g 0.39 0.13 0.16-0.76  1.50 0.52 0.46-2.69  0.61 0.12 0.39-0.92 

  P1  P2  P3 

C % 1.32 0.55 0.69-3.46  0.70 0.31 0.39-1.96  1.07 0.71 0.57-4.36 

N % 0.06 0.02 0.03-0.12  0.03 0.01 0.02-0.06  0.04 0.02 0.02-0.14 

CN - 21.5 3.86 17.3-36.8  24.5 2.49 20.8-31.5  25.8 2.64 21.1-30.1 

Db g/cm3 1.11 0.17 0.74-1.56  1.31 0.17 0.89-1.53  1.24 0.18 0.73-1.59 

pH - 5.18 0.65 4.03-6.61  4.07 0.16 3.67-4.55  4.37 0.30 3.82-4.98 

Moisture % 15.4 3.76 11.0-27.2  7.37 1.69 5.1-13.3  11.1 4.52 6.2-30.7 

Ca cmol+/kg 1.72 1.37 0.36-6.03  0.05 0.04 0.01-0.19  0.10 0.13 0.01-0.69 

Mg cmol+/kg 0.41 0.20 0.18-1.20  0.02 0.01 0.01-0.08  0.06 0.07 0.01-0.36 

K cmol+/kg 0.11 0.05 0.05-0.33  0.01 0.01 0.0-0.05  0.04 0.03 0.01-0.17 

BC † cmol+/kg 2.24 1.59 0.69-7.56  0.08 0.06 0.016-0.32  0.20 0.23 0.043-1.23 

Mn ug/g 62.4 26.54 23.4-175  1.25 1.27 3.35-6.47  7.92 8.88 0.55-35.6 

Fe ug/g 19.71 11.67 5.41-47.5  17.3 3.39 22.1-23.54  24.1 10.9 8.50-66.1 

Zn ug/g 0.90 0.27 0.43-1.48  0.40 0.69 0.54-3.83  0.57 0.61 0.26-3.37 

Cu ug/g 0.50 0.30 0.19-1.74   0.25 0.10 0.44-0.48   0.31 0.14 0.09-0.70 
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(b) 

Soil  Units Mean SD Range   Mean SD Range   Mean SD Range 

variable             

  H1  H2  H4 

C 10
3
 kg/ha 17.48 2.29 13.3-21.9  27.60 7.06 17.7-44.1  19.12 3.36 14.9-31.9 

N 10
3
 kg/ha 1.07 0.15 0.732-1.38  1.25 0.34 0.797-1.98  1.13 0.21 0.757-1.52 

Ca kg/ha 460.00 317.00 89-1370  37.00 63.00 4.00-332  491.00 233.00 121-957 

Mg kg/ha 68.63 24.80 23.6-113  22.01 15.21 4.40-53.1  94.58 24.76 54.4-149 

K kg/ha 68.90 24.41 26.9-132  63.76 45.49 19.5-205  57.37 18.87 26.9-111 

BC * kg/ha 597.50 338.10 140-1503  123.60 90.78 33.3-424  643.30 256.40 218-1088 

Mn  kg/ha 127.38 37.02 28.5-185  17.37 17.46 1.18-90.4  96.15 28.32 27.8-140 

Fe  kg/ha 3.01 1.56 0.917-7.04  21.49 13.29 4.15-59.4  2.73 1.50 0.946-7.22 

Zn  kg/ha 1.51 0.48 0.672-2.61  1.31 0.73 0.528-3.59  1.76 0.53 0.602-2.60 

Cu kg/ha 0.33 0.15 

0.148-

0.722  0.28 0.11 0.057-0.591  0.36 0.18 

0.025-

0.849 

  C1  C2  C3 

C 103 kg/ha 13.53 2.26 9.33-17.1  16.25 2.85 8.64-21.7  10.17 1.23 7.12-13.4 

N 103 kg/ha 1.19 0.20 0.797-1.54  1.31 0.24 0.735-1.78  0.93 0.12 0.704-1.24 

Ca kg/ha 160.00 75.00 64.0-401  754.00 115.00 489-1020  49.00 15.00 24.0-92.0 

Mg kg/ha 51.49 25.34 2.30-123  190.70 37.17 127-290  24.07 8.35 13.2-49.8 

K kg/ha 101.80 34.61 50.4-171  145.20 40.80 93.8-237  239.60 59.65 153-389 

BC * kg/ha 313.30 114.10 134-601  1089.70 153.10 745-1411  313.20 73.88 210-465 

Mn  kg/ha 66.38 22.55 31.3-120  150.26 52.05 69.9-296  138.10 20.31 105-173 

Fe  kg/ha 6.94 4.71 2.58-27.3  1.69 572.80 0.543-3.54  7.70 1.35 4.69-9.77 

Zn  kg/ha 1.68 0.44 0.966-2.73  2.87 0.77 1.43-4.57  0.55 0.10 
0.347-
0.793 

Cu kg/ha 0.38 0.14 

0.203-

0.705  1.50 0.57 0.380-2.73  0.60 0.15 

0.421-

0.911 

  P1  P2  P3 

C 103 kg/ha 10.49 2.80 6.63-19.2  6.80 2.37 3.31-13.1  9.37 3.54 5.39-23.8 

N 103 kg/ha 0.49 0.10 
0.311-
0.736  0.27 0.07 0.157-0.438  0.36 0.12 

0.231-
0.790 

Ca kg/ha 273.00 194.00 83.0-758  8.60 7.00 2.00-35.00  16.00 15.00 2.00-75.0 

Mg kg/ha 39.32 15.73 18.2-90.4  2.39 1.32 1.00-6.60  5.88 4.94 1.70-23.8 

K kg/ha 34.13 14.29 14.4-80.1  4.22 3.78 0-11.9  12.70 6.98 4.60-37.1 

BC * kg/ha 346.90 216.20 126-929  15.29 10.87 1.60-52.9  35.01 26.24 8.40-136 

Mn  kg/ha 53.27 22.79 24.9-126  1.21 1.21 0.336-6.26  7.32 8.15 0.467-32.6 

Fe  kg/ha 16.25 9.70 3.40-38.6  17.17 4.19 5.72-25.1  21.95 9.81 10.0-60.6 

Zn  kg/ha 0.75 0.25 0.335-1.31  0.41 0.80 0.135-4.41  0.51 0.54 0.251-3.09 

Cu kg/ha 0.41 0.26 0.148-1.54   0.24 0.10 0.064-0.546   0.29 0.14 

0.054-

0..643 

Note: n=27 for each variable in all plots.          

* BC denotes the sum of Ca, Mg and K;           
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Appendix II. Comparison of the variances of all plots in three ecosystems (hardwood, 
cultivation and pine) using the Cochran’s test of testing the maximum variance against 
all others.  Bold numbers indicate significance of Cochran's C test at p-value < 0.05. 
 
 

Soil H1 H2 H4 C1 C2 C3 P1 P2 P3 Cochran p -value

Variable C value

C 0.27   3.53    4.07    0.05   0.13     0.01    0.30    0.09   0.50    0.45 < 0.001

N 0.001 0.006  0.002  0.000 0.001   0.000  0.000  0.000 0.001  0.56 < 0.001

C:N 2.67   9.88    27.0    0.13   0.66     0.58    14.88  6.22   6.95    0.39 < 0.001

Db 0.02   0.04    0.03    0.05   0.02     0.03    0.03    0.03   0.03    0.17 0.2128

pH 0.35   0.08    0.34    0.07   0.17     0.10    0.42    0.03   0.09    0.25 < 0.001

Moisture 11.2   60.6    164.5  4.5     20.7     3.58    14.16  2.84   20.52  0.54 < 0.001

Ca 5.0     0.88    4.5      0.1     0.42     0.01    1.88    0.002 0.02    0.39 < 0.001

Mg 0.11   0.05    0.22    0.04   0.10     0.01    0.04    0.000 0.005  0.39 < 0.001

K 0.008 0.016  0.009  0.010 0.01     0.02    0.003  0.000 0.001  0.28 < 0.001

Mn 2757 2513 1647 634 3515 151 1142 1.62   78.90  0.28 < 0.001

Fe 4.89   184.7  3.4      32.8   0.38     1.59    131     11.46 119     0.38 < 0.001

Zn 0.54   3.66    0.5      0.22   0.89     0.01    0.07    0.48   0.38    0.54 < 0.001

Cu 0.03   0.01    0.04    0.02   0.27     0.02    0.09    0.01   0.02    0.54 < 0.001

Variance
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APPENDIX III.  Spatial distribution of soil N, C:N, pH, moisture, Mg, K, Fe, Mn, Cu and 
Zn in the nine plots of three land uses. The Kriging maps were interpolated by inverse 
distance weighting (IDW). 
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APPENDIX IV.  Moran’s I correlograms for soil bulk density (Db), carbon (C), and pH at 
nine plots of three land uses. Filled circles denote moran’s I values that exhibited 
significant positive or negative autocorrelation.  Obs: observations; LCL: low confident 
limit; and UCL: Upper confidence limit.    
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