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ABSTRACT 

Widespread abandonment of agricultural land has occurred in northeastern North 

America over the past two centuries. Soil carbon often increases as sites naturally 

regenerate towards perennial grasslands or forests. Understanding the large-scale controls 

on the potential and rate of soil carbon sequestration is necessary in order to evaluate the 

significance of this sink to the global carbon cycle. Furthermore, we need to understand 

the key roles soil microorganisms play in regulating ecosystem processes through their 

control over soil carbon and nitrogen dynamics. Such studies are rare at the century long 

time scale of temperate forest succession. Additionally, research has taken place 

primarily on productive agricultural soils, while abandonment is more common on 

marginal agricultural soils. We characterized patterns of total and labile soil carbon and 

nitrogen and microbial dynamics in mature forest and adjacent agricultural field sites, and 

in replicated chronosequences of forest successional sites on marginal soils of 

southeastern Ontario, Canada.  

Total soil carbon was significantly depleted in the top 10 cm of current 

agricultural fields as compared to forest sites and increased at a rate of 10 g C m-2 yr-1 

across our 100-year chronosequences. There was no difference in carbon loss or 

accumulation over time in three soil types differing in texture and parent material, 

suggesting that time since abandonment is more important than soil type in determining 

carbon accumulation within this climatic region. In contrast, free-light fraction carbon did 

not increase over time and thus most carbon accumulated in pools with slower turnover 

times. Soil microbial biomass carbon and nitrogen increased significantly following 

abandonment and our results strongly suggest that microbial growth during all phases of 
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succession was limited by carbon supply. In contrast, net nitrogen mineralization and 

nitrification rates during mid-summer did not change consistently over the first 100 years 

following agricultural abandonment. Therefore, inorganic nitrogen supply rates into the 

plant available pool were similar across the entire successional sequence. Together, the 

results of these two studies demonstrate the potential for carbon sequestration in 

abandoned agricultural soils across this climatic region and highlight the importance of 

plant-soil interactions for understanding carbon cycling during ecosystem development.  
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CHAPTER 1:  GENERAL INTRODUCTION  

Globally, soils contain twice as much carbon (C) as the atmosphere and are the 

largest terrestrial C pool (Post et al. 1982). The release of C from terrestrial ecosystems as 

a result of human land-use change has contributed significantly to the increase in 

atmospheric carbon dioxide (CO2) since 1850 (Houghton 2003). Depletion of soil organic 

C due to land clearance and subsequent agricultural practices are responsible for a large 

proportion of this flux, and has resulted in a release of approximately 50 Pg of C 

(Paustian et al. 2000). Agriculture is a predominant land-use across the globe, with 

cropland covering approximately 12% and pasture land covering approximately 22% of 

the Earth’s land surface (Ramankutty and Foley 1998, Leff et al. 2004). However, in 

many regions, including Eastern North America and most European countries, there has 

been recent widespread abandonment of agricultural land and projected continuation of 

this abandonment (McLauchlan 2006a). Currently, terrestrial ecosystems of the Northern 

Hemisphere are net C sinks, which may be in part due to enhanced soil C when 

agricultural practices are abandoned and sites naturally regenerate towards perennial 

grasslands (Post and Kwon 2000, Houghton 2003). Estimates of the magnitude of and 

controls on C sequestered in abandoned soils are necessary due to the potential influence 

of this sink on the global C balance both now and in the future. However, research is 

scarce in temperate forest ecosystems of northeastern North America where abandonment 

is particularly common and at the century long time-scale required to study forest 

succession (Post and Kwon 2000, McLauchlan 2006a). 

 Quantifying the potential for soil C sequestration is necessary in order to predict the 

contribution of this sink towards mitigating anthropogenic CO2 emissions. The potential 
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for C sequestration following agricultural abandonment can be quantified by comparing 

soil C in native ecosystems with adjacent agricultural fields. The loss of soil C upon 

conversion of land for agriculture is fairly well quantified across the globe and averages 

20 to 25% (Davidson and Ackerman 1993, Murty et al. 2002). Of course, there is much 

variability around this average, in part due to the nature and intensity of agricultural 

practices (Davidson and Ackerman 1993, Murty et al. 2002). In the past 50 to 100 years, 

there has been intensification of agriculture on more productive soils, while marginal 

unproductive soils are abandoned (Hart 1968, Parson 1999). As a result, in order to 

determine the potential for soil C sequestration, studies must take place on land-types that 

are commonly abandoned and determine the loss of soil C from previous agricultural 

practices. 

Soil C accumulates during ecological succession following agricultural 

abandonment as a result of changes in both inputs to the soil from primary productivity 

and losses through soil decomposition. Net primary productivity (NPP) is predicted to 

increase between early and mid secondary succession when it reaches a peak and then 

begins a slow decline that may or may not stabilize late in succession (Odum 1969, 

Chapin et al. 2002). Soil decomposition follows a corresponding pattern, though with a 

lag that results in the recovery of total soil C (Odum 1969, Chapin et al. 2002). In 

addition, the sequence of developing vegetation during forest succession follows a 

general pattern of annual to perennial grasses and forbs early in succession, followed by 

an increase in shrubs and small trees until trees become the dominant vegetation late in 

succession. This vegetation change often corresponds to a decline in the quality of litter 

inputs to the soil and therefore may influence decomposition together with the increase in 
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the quantity of plant inputs.   

 If the quality and quantity of plant inputs vary in a relatively predictable manner 

over the course of succession, then understanding the controls on soil decomposition is 

important for understanding soil C storage. Soil microorganisms are the primary 

decomposers of soil organic matter and changes in microbial growth and the factors that 

control their growth provide insight into soil C dynamics. In addition, as soil 

microorganisms break down soil organic matter to meet their requirements for C and 

nitrogen (N), they release excess N through net N mineralization. Primary productivity is 

often N-limited in temperate ecosystems and therefore changes in the amount of N 

mineralized in the soil have the potential to influence productivity. Overall, soil microbes 

interact with plants and soil to regulate both soil C storage and nutrient cycling. Soil 

microbial dynamics may be altered in successional forests due to the legacy of 

agricultural practices and changes in ecosystem processes that occur during succession 

(Odum 1969, Chapin et al. 2002). Therefore, changes in soil microbial dynamics over the 

course of succession may have important implications for our understanding of C storage 

both through decomposition and formation of soil organic matter and the release of N for 

subsequent plant growth. 

Factors that influence ecosystem processes over long-time scales such as climate, 

parent material, vegetation, and topography (Jenny 1941) may also influence the rate of 

soil C accumulation following agricultural abandonment. These ‘state factors’ may also 

help to explain variation in soil C accumulation rates in different regions, or even within 

the same region. Different parent materials may result in soils of differing texture. Finer 

textured soils are often associated with higher C storage due to the influence on soil 
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moisture as well as protection of organic matter by silt and clay particles (Nichols 1984, 

Burke et al. 1989). Soil texture can also influence soil moisture, which can affect both 

decomposition and inputs via plant productivity. In contrast, differences in vegetation 

succession across a region may influence both the quality and quantity of plant inputs 

over time and therefore the rate of soil C accumulation. Assessing the influence of one of 

these ‘state factors’ on C accumulation requires isolation of the role of one factor while 

keeping the others constant. As a result, such studies on soil C accumulation rates 

following abandonment of agricultural lands are uncommon (McLauchlan 2006b, 

McLauchlan et al. 2006). 

The chronosequence approach is most commonly used to study succession 

following some disturbance (Post and Kwon 2000), and is comprised of a series of sites 

that differ only in time since agricultural abandonment. Other approaches include 

comparison of undisturbed and disturbed sites that are otherwise similar or repeated 

sampling of the same sites over time (Post and Kwon 2000). The chronosequence 

approach is useful as it provides opportunity to study the full sequence of forest 

succession, which takes over 100 years. It is often difficult to identify a full successional 

sequence when using the chronosequence approach, as this requires identifying areas 

disturbed 100 or more years ago. In addition, it is necessary to identify replicated sites of 

the same ages in order to capture the spatial heterogeneity of either C accumulation or 

microbial processes. As a result, the study of ecological succession is complicated by the 

need to address large temporal scale and large spatial heterogeneity in ecosystem 

processes across the landscape.  

In summary, there are still substantial limitations in our knowledge of the 
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mechanisms of and controls on soil C sequestration that prevent us from determining the 

cause of variation among reported rates of C sequestration. In addition, long-term studies 

are still required to determine the pattern and rate of C sequestration across a full 

chronosequence of forest succession. These types of studies are especially necessary in 

temperate forests of northeastern North America where agricultural abandonment is 

particularly common (Hart 1968, Parson 1999). As a result, in this study we chose to 

investigate soil C, N, and microbial dynamics following agricultural abandonment and 

natural regeneration of mixed-deciduous forests of southeastern Ontario, Canada.  

In the first study we chose three distinct soil types across southeastern Ontario that 

are considered marginal for agriculture (i.e. low productivity). Our objectives were to 

compare total soil C and N on mature forests and adjacent agricultural field sites as well 

as across replicated chronosequences of abandoned farmland spanning ~80-100 years. 

Our experimental design allowed us to quantify the potential for soil C sequestration in 

these marginal soils as well as rates of C accumulation following abandonment at a 

spatial and temporal scale appropriate for understanding ecological succession. We also 

examined whether soil type is an important control on either the potential or rates of soil 

C sequestration across this region. Finally, we measured changes in a labile C pool over 

one of the chronosequences as one method of investigating the mechanisms of soil C 

sequestration. In the second study we measured soil microbial biomass and net N 

mineralization and nitrification across a chronosequence and in mature forests adjacent to 

agricultural fields on one of the soil types. Overall, the following studies contribute to our 

ability to quantify C sequestration in abandoned agricultural lands as well as contributing 

to our knowledge of biogeochemical changes that occur during ecological succession. 
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CHAPTER 2: A CENTURY OF SOIL CARBON DYNAMICS ALONG 

CHRONOSEQUENCES OF ABANDONED AGRICULTURAL LANDS IN A 

CANADIAN TEMPERATE FOREST ECOZONE 

 

Abstract 

Widespread abandonment of agricultural land has occurred in northeastern North 

America over the past two centuries. Soil carbon often increases as sites naturally 

regenerate towards perennial grasslands or forests. Paradoxically, although the potential 

and rate of carbon sequestration have been estimated primarily on productive agricultural 

soils, agricultural abandonment is more common on soils that are marginal for 

agriculture. Furthermore, we do not yet understand either the influence of large-scale 

controls like soil type on the potential and rate of carbon accumulation or how the 

different component pools that comprise total soil carbon change over forest succession. 

We sampled mature forest and adjacent agricultural field sites and replicated 

chronosequences of forest succession on Podzol, Brunisol, and Luvisol soil types 

considered marginal for agriculture and where abandonment is common in southeastern 

Ontario, Canada.  

Total soil carbon and nitrogen were ~30% and ~15% lower respectively in the top 

10 cm of current agricultural fields as compared to mature forest sites. In addition, soil 

carbon (in the top 10 cm) increased linearly at an average rate of 10 g C m-2 yr-1 over our 

100-year chronosequences suggesting strong potential for soil carbon sequestration across 

the region. To our surprise, soil type had little effect on the potential and no significant 

effect on the rates of soil carbon sequestration. The Luvisol had slightly higher total soil 
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carbon and nitrogen in the top 5 cm across the chronosequence, though the three soils 

accumulated carbon at the same rates. Finally, free-light fraction carbon and nitrogen in 

the Brunisol soil did not increase significantly following abandonment. Although free-

light fraction represents an active pool that should be sensitive to land-use change, most 

carbon accumulated in pools associated with mineral particles that have slower turnover 

times. Our results demonstrate that soils in southeastern Ontario are predictable linear 

carbon sinks for a century following agricultural abandonment and suggest that time 

since abandonment is more important than soil type in determining the potential 

magnitude of carbon sequestration within this climatic region. 

Introduction 

The release of carbon (C) from terrestrial ecosystems as a result of human land-use 

change has contributed significantly to the increase in atmospheric CO2 since 1850 

(Houghton 1999). Depletion of soil organic C due to land clearance and subsequent 

agricultural practices are responsible for a large proportion of this flux, which has 

resulted in a release of approximately 50 Pg of C (Paustian et al. 2000). In contrast, there 

has recently been widespread abandonment of agricultural land in many regions including 

northeastern North America (McLauchlan 2006a). Soil C is enhanced when agricultural 

practices are abandoned and sites naturally regenerate towards perennial grasslands or 

forests (Post and Kwon 2000). Therefore, abandoned agricultural land may be a 

significant C sink and an important naturally occurring, low cost mechanism to mitigate 

anthropogenic CO2 emissions. Globally, there has been an interest in quantifying rates of 

soil C increase following abandonment, but research is scarce at the century time-scale 

required to study succession in temperate forest ecosystems (Post and Kwon 2000, 
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McLauchlan 2006a). In addition, we still do not know how the different component pools 

that comprise total soil C change over these long time scales or how state factors like 

parent material, which influences soil type and therefore soil processes over large 

temporal and spatial scales (Jenny 1941), might influence soil C accumulation after 

agricultural abandonment (McLauchlan 2006a).   

The main mechanisms contributing to soil C depletion during agriculture are 

reduced plant inputs, increased decomposability of plant inputs, increased decomposition 

associated with tillage, and soil erosion (Six et al. 2000, McLauchlan 2006a). The amount 

of soil C lost due to agricultural practices can be quantified by comparing soil C in 

mature forests with adjacent agricultural fields and is an indicator of the potential for soil 

C sequestration. Across Canada and globally, the magnitude of soil C loss when land is 

converted for agricultural use averages 20 to 25% (Murty et al. 2002, VandenBygaart et 

al. 2003). Paradoxically, the majority of research on the potential for soil C sequestration 

has been on good quality productive agricultural land. In contrast, economic, social, and 

cultural factors have tended to result in intensification of agriculturally productive land 

and abandonment of relatively unproductive lands in Eastern North America over the past 

50 to 100 years (Parson 1999). Therefore, although we know the potential for C 

sequestration of productive soils that are frequently tilled (Murty et al. 2002, Six et al. 

2002, Paul et al. 2003, VandenBygaart et al. 2003, DeGryze et al. 2004), the potential for 

natural soil C sequestration in the extensive areas of marginal agricultural soils that are 

being abandoned is still largely unknown.  

Depletion of soil C and also nitrogen (N) occurs within the first few decades of 

agricultural practices (Murty et al. 2002), but recovery following abandonment may take 
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over a century (Post and Kwon 2000). Generally, Net Primary Production (NPP) 

increases between early and mid secondary succession when it reaches a peak and then 

begins a slow decline that may or may not stabilize late in succession (Odum 1969, 

Chapin et al. 2002). Soil decomposition follows a corresponding pattern, though with a 

lag that results in a slow recovery of soil C and N. Almost all studies have reported linear 

increases in soil C following agricultural abandonment (Post and Kwon 2000, 

McLauchlan 2006a) and the longest study in temperate regions is over a 60-year 

chronosequence (Knops and Tilman 2000). However, theory predicts the rate should slow 

as a new steady state is reached and input and output rates converge (Knops and Tilman 

2000, Matthews and Grogan 2001, Chapin et al. 2002). Estimates of the potential and rate 

of C sequestration vary widely (Post and Kwon 2000), which may be due to climatic 

differences between sites that result in differences in vegetation succession, ranging from 

the development of prairie vegetation to forests dominated by white pine (Hooker and 

Compton 2003, McLauchlan et al. 2006). In summary, we know soil C increases for the 

first 60 years following agricultural abandonment on fertile farmland in temperate 

regions, but we don’t know what the long-term pattern is, or if this model is appropriate 

for marginal agricultural soils. Furthermore, there have been no long-term studies on 

mixed-deciduous forests common to the northeastern United States and Canada where 

abandonment is particularly common (Parson 1999, McLauchlan 2006a). 

Parent material, one of the five state factors along with climate, topography, 

vegetation, and time (Jenny 1941), leads to soils of different textures, which may 

influence soil C dynamics. For instance, silt and clay particles physically and chemically 

protect organic matter within aggregates (Six et al. 1998, Six et al. 2000). The amount of 
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silt and clay also influences soil moisture, which may increase NPP relative to 

decomposition in moisture-limited environments (Burke et al. 1989, Chapin et al. 2002). 

There is some evidence that soil C storage is positively related to clay content, but the 

pattern is not universal (Nichols 1984, Plante et al. 2006). For example, clay content 

explained little of the variation in C storage in soils of New Zealand (Percival et al. 

2000). Texture may also modify soil C storage in agricultural systems and research 

indicates that coarser textured soils experience a larger loss of soil C as a result of 

agricultural practices (Burke et al. 1989, Needelman et al. 1999, Jarecki and Lal 2005). 

Together these results suggest that silt and clay particles protect some components of soil 

organic matter and fine textured soils may have a smaller C loss upon conversion for 

agriculture. 

Conversely, soil texture may influence the rate of soil C accumulation following 

agricultural abandonment with faster C accumulation in soils with higher clay content. 

Clay concentration was not related to the rate of total, labile, or recalcitrant C 

accumulation over a 40 year perennial grassland chronosequence in Western Minnesota 

(McLauchlan 2006b). However, fine textured soils may also have a smaller loss of soil C 

due to agriculture, as mentioned above, and variation in the potential for C sequestration 

may influence rates of accumulation following abandonment. We will address both the 

potential for C sequestration as well as the temporal pattern of C accumulation over 

replicated chronosequences on soils that vary in texture but that share common climate, 

topography, and vegetation succession.  

Soil C is extremely heterogeneous and may be thought of as at least two distinct 

pools, a smaller labile pool with a short turnover time and a larger recalcitrant pool with a 
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slower turnover time (Paul and Clark 1996). The relative amounts of C accumulating in 

different pools can provide insight into the mechanisms of C sequestration as well as 

which pools are most sensitive to land-use change (Six et al. 2002, Del Galdo et al. 2003, 

DeGryze et al. 2004). Physical methods of fractionating soil assume that association of 

organic matter with mineral particles is an important factor regulating soil organic matter 

dynamics. The pool of organic matter not bound to mineral particles is most often 

separated physically from the soil either by size or by density where the smaller and 

lighter fractions are assumed to be more labile. Several studies have documented 

substantial decreases in labile C pools upon conversion of land to agricultural use 

(Besnard et al. 1996, Carter et al. 1998, Gregorich et al. 2006). Labile C pools were 

higher after 10 years of succession in Michigan (DeGryze et al. 2004) and increased over 

the first 40 years of grassland development (McLauchlan et al. 2006), but in both cases 

labile C accounted for only about 10% of the total C increase. These results suggest that 

C accumulates in both labile and pools with a slower turnover directly following 

agricultural abandonment. However, the relative rates of accumulation of these different 

soil C pools over the full course of temperate forest succession is still unknown.  

About 35% of agricultural land has been abandoned in the northeastern United 

States and Canada since the 1950’s. Abandonment was widespread even 50 years prior to 

this and is concentrated in temperate and northern forest regions (Hart 1968, Parson 

1999). We chose three common, but distinct, soil types in southeastern Ontario, Canada 

that are considered marginal (i.e. low productivity) for agriculture (Gillespie et al. 1966). 

These three soil types vary in texture and are from three different soil orders: a Podzol 

characteristic of the Canadian Shield and a Brunisol and Luvisol that are characteristic of 
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the Limestone Plains in this region. We tested the following hypotheses over the 

summers of 2004 to 2007 using adjacent mature forest and agricultural field sites and 

replicated chronosequences: 

1. Soil C and N pools on marginal land are significantly depleted by agriculture, but 

this decline is smaller than values reported for more productive soils. 

2. Soil C increases linearly over 100 years following agricultural abandonment of 

marginal lands, but the rate of increase per year is low relative to studies on more 

productive agricultural soils. 

3. Fine textured soils experience a smaller C loss than coarse textured soils after 

conversion to agriculture, and a faster rate of C accumulation after agricultural 

abandonment.  

4. Labile (free-light fraction) C within a Brunisol soil increases over the entire 100-

year chronosequence, though most of the C accumulates in pools with slower 

turnover times. 

Methods 

Study Area 

This study was conducted in the summers of 2004 to 2007 near Kingston in 

southeastern Ontario, Canada (44°14’ N 76°30’ W). The study area was in the 

Mixedwood Plains ecozone where agriculture is a major land-use but there is also a 

considerable amount of mixed-deciduous forest (Wiken 1996). Mature forests are 

dominated by sugar maple (Acer saccharum Marsh.) and red oak (Quercus rubra L.) with 

some white oak (Quercus alba L.), red maple (Acer rubrum L.), basswood (Tilia 

americana L.), eastern hemlock (Tsuga canadensis L.), white pine (Pinus strobus L.), 
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ironwood (Ostrya virginiana (P. Mill) K. Koch), and blue beech (Carpinus caroliniana 

Walt.) (Ecological Stratification Working Group 1995, Wiken 1996). 

The climate in this region consists of warm summers and cold winters with a mean 

annual temperature of about 4.5°C. The mean summer temperature for the region is 16°C, 

the mean winter temperature is -4°C, and on average there are 222 days with a mean 

temperature above 0°C. Mean annual precipitation ranges between 700 and 900 mm and 

is fairly evenly distributed throughout the year with at least half of the precipitation 

occurring as snow between December and March. 

We chose three soil series characteristic of the northern portion of the Mixedwood 

Plains ecozone, which contains a strip of Canadian Shield north and east of Kingston 

(known as the Frontenac axis) that intersects the Limestone Plains and connects with the 

Adirondack Mountains in upstate New York. The Monteagle soil series is a well-drained 

sandy loam and a major soil series on the Canadian Shield (Gillespie et al. 1966). The 

parent material is stony, gravelly glacial till derived from Precambrian igneous and 

metamorphic rocks such as granite and gneiss. The depth of till material is irregular and 

common rock outcrops make this soil of limited agricultural use. The Monteagle series is 

in the Podzolic soil order, though a podzol profile consisting of a bleached layer beneath 

the organic horizons is often not present as this soil is shallow with A and B horizons that 

have a combined soil depth of ~20 to 30 cm (Gillespie et al. 1966). 

The Farmington soil series occurs extensively on Ordovician limestone and 

occasionally sandstone in Eastern Ontario (Gillespie et al. 1966). The soils are 

predominantly loamy and are well drained with a soil depth that is usually 20 cm or less. 

This limestone soil is slightly more agriculturally productive than the Canadian Shield 
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soil due to flatter relief and fewer rock outcrops, and may be managed more intensively 

where the soil depth permits. The Farmington series is in the Brunisolic soil order and has 

a dark brown-grey surface horizon, which grades into a reddish-brown B horizon 

(Gillespie and Wicklund 1968). 

The Lansdowne soil series is imperfectly drained and formed from clay sediments 

on limestone bedrock. This clay soil is deeper than the other two soil types, between 50 

and 80 cm, and is considered more productive due to its superior water holding capacity 

during the summer months. The Lansdowne clay is in the Luvisolic order (Soil 

Landscapes of Canada Working Group 2007) and the profile has about 30 cm of gleyed 

non-calcareous material on top of calcareous clay material (Gillespie et al. 1966). This 

soil series also occurs in close proximity to Lake Ontario, which results in a slightly 

milder climate that is ~1°C warmer than the rest of the study region (Gillespie et al. 

1966). These three soil series will be referred to by the soil orders they belong to 

throughout the paper, Podzol, Brunisol, and Luvisol respectively. 

History of Study Area 

Colonization and establishment of agriculture in the region began around 1783 

(Gillespie et al. 1966, Osborne 1978). A lack of roads as well as the presence of the 

agriculturally unfavorable Canadian Shield to the north restricted initial settlement to the 

Limestone Plains on the edge of Lake Ontario (Osborne 1978). However, in the early 

1800s it was recognized that although much of the land was either hilly or marshy, there 

were numerous small tracts of land suitable for agriculture on the Shield (Osborne 1978). 

Continuing population growth and demand for new farmland in the 1850s pushed settlers 

to clear these flatter and less rocky tracts of land for agriculture, while the more rocky 
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areas were logged for building construction, fuel, and export. Oats, peas and spring and 

fall wheat were the most popular crops reported for the late 1800s on all soil types in the 

region. Currently hay, oats, and to a lesser extent corn are the most common, which are 

primarily grown to support the region’s livestock industry (Gillespie et al. 1966). The 

population peaked in rural areas around 1881 after which an ongoing pattern of 

abandonment of agricultural land began (Gillespie and Wicklund 1968, Osborne 1978).  

Site Identification and Description 

We used aerial photos for the Kingston region from 1925-30 (1:15 000), 1953 

(1:15 840), 1978 (1:10 000) and 1991 (1:30 000) (Map and Air Photo Collection at 

Queen’s University Library) to locate adjacent mature forests and agricultural fields that 

were being managed consistently in the same way for at least 50 and up to 75 years. 

Thus, assuming that the mature forests take at least 100 years to regenerate (as our 

chronosequence strongly suggests) then the minimum period since abandonment for the 

mature forests must be >150 years. We chose a chronosequence approach to test our 

hypotheses on soil dynamics following agricultural abandonment. Aerial photographs (as 

above) were used to define potential successional sites that were cleared for agriculture at 

some point and have since been abandoned and allowed to regenerate. Soil survey and 

topographic maps were used to identify sites with the selected soil series and areas with 

relatively flat topography (Gillespie et al. 1966, Gillespie and Wicklund 1968). Field 

visits were used to select replicate pairs of mature forest and agricultural field sites (n = 5 

for each soil type) and successional sites for the Podzol (n = 10), Brunisol (n = 16), and 

Luvisol (n = 10) according to the following criteria: similar flat topography, similar well 

to moderately-well drained soils, a minimum size of ~1 ha, and minimal evidence of 
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logging in the forest sites (App. 4, 5). Time since agricultural abandonment was 

estimated using the time series of aerial photos and was confirmed by landowners 

wherever possible. The Podzol and Brunisol sites were all north and east of Kingston. All 

of the sites on the Luvisol were located on Wolfe and Howe Islands near Kingston. 

Thirteen of the agricultural field sites were used to grow hay, which was cut once or 

twice per year. The two other agricultural fields were also used for hay, but crops such as 

corn and barley were grown every few years.  

Grasses, forbs, and a few small shrubs and trees dominated early successional sites. 

Shrubs including dogwood (Cornus spp) and prickly ash (Zanthoxylum americanum P. 

Mill.) were dominant 40 to 50 years after abandonment, though trees such as ash 

(Fraxinus americana L.) and hop hornbeam (O. virginiana) were also common. Some 

sites also had young maples 1 to 3 m high in the understory. These mid-successional sites 

were patchy with areas dominated by shrubs intermixed with grassy areas and numerous 

small trees. The tree canopy was mostly closed after 80 years of abandonment with trees 

of about 10 to 15 cm in diameter, a limited understory of grasses, and a few small 

understory trees 1-3 m high.   

Field Sampling and Measurements 

Field sampling for hypotheses 1 to 3 occurred during the summers of 2004 to 2007. 

Agricultural fields and adjacent mature forests were sampled during the summer of 2004. 

The chronosequence sites of the Podzol and Brunisol were sampled during the summer of 

2006 and the Luvisol was sampled during the summer of 2007.  

Each site was initially surveyed to identify any patches that did not fit the original 

criteria. All soil sampling was done by running transects in a straight line in a randomly 
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chosen direction across the site and staying at least 15 m from any edge and away from 

human modifications such as trails. The majority of sites required only one transect, but 

at a few sites two transects were required in order to avoid patches that did not fit the 

original criteria. Any litter that rested loosely on the soil surface (i.e. the L forest floor 

layer) was brushed away before the core was taken. Therefore, the FH layer, which was 

only present in some of the mature forest sites on the Brunisol (average depth of FH = 1 

cm), was included in the cores.  

We used a 5 cm diameter split corer (AMS Inc, American Falls, ID) to sample each 

mature forest and agricultural field site to 10 cm at 10 locations approximately 20 m 

apart. Cores were divided into 0 to 5 cm and 5 to 10 cm sections and bulked into sealable 

plastic bags to form one composite sample for each depth interval at each site. The 

chronosequence sites were sampled with the split corer at 5 locations approximately 20 m 

apart, but to a depth of 20 cm. Cores were checked for compression and then divided into 

0 to 5 cm, 5 to 10 cm, and 10 to 20 cm sections that were bulked into composite samples 

for each site.  

Tree biomass and species composition data were collected in the spring of 2007 at 

each of the five mature forest sites on each soil type. Ten 10 ×10 m plots were set up 

randomly along transects at each site and species identity and diameter at breast height 

(DBH) of all trees > 1.3 m in height were determined. 

We investigated changes in free-light fraction C in the Brunisol soil by sampling 

successional, mature forest, and agricultural field sites over time during the summer of 

2006 (hypothesis 4). Five separate cores to a 10 cm depth were taken with a 5 cm 

diameter split corer (as above) along transects through each site. 
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Chemical and Biological Analyses 

All soil samples were air-dried (3 days at 21°C), weighed, sieved to 2 mm, and the 

remaining roots and stones were separated and weighed. For the dry bulk density for each 

depth at each site, we calculated the core volume and corrected the soil mass for moisture 

and the weight of roots and stones (>2 mm in diameter). Soil samples from each site (10 

g air-dried soil: 10 ml deionized water) were analyzed for pH (AB15 pH meter; Fisher 

Scientific PA, USA) (Thomas 1986). Sub-samples of all soil cores for hypotheses 1 to 4 

were oven-dried and ground with a planetary ball mill (Retsch, Newtown, PA, USA) and 

analyzed (1.25 g) for C and N by combustion and elemental determination using infrared 

gas analysis and thermal conductivity respectively (CNS-2000 analyzer, LECO 

Corporation, MI, USA). Inorganic C in all three soil types was very low or below 

detection (App. 1) as determined by bubbling and mass loss following 3M HCl addition 

(Loeppert and Suarez 1996). Particle size was determined for the five oldest successional 

sites for each soil type (n = 15, mean age = 74 yrs) using the hydrometer method after 

dispersing the soils with 5% sodium hexametaphosphate solution (Gee and Bauder 1979, 

1986). 

We used density fractionation to isolate the free-light fraction, which is the light 

fraction outside soil aggregates, from the five cores at each loam site based on previously 

described methods (Six et al. 1998, Compton and Boone 2000). Sub-samples (15 g) were 

weighed into 50 ml centrifuge tubes, 40 ml of 1.7 g cm-3 NaI was added, and slowly 

shaken by hand end over end 10 times. Samples were centrifuged for 45 minutes, allowed 

to settle for 1 minute, and then the top 20 ml of NaI containing the free-light fraction was 

suctioned off using a pipette. The free-light fraction was filtered through 0.45 µm nylon 
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membrane filters, and then washed with 40 ml of 0.1 M CaCl2 and 40 ml of distilled 

water. The centrifugation and suctioning process was then repeated and the accumulated 

material retained by the filter at the end of the second filtering was dried at 65 °C for 48 

hours and weighed to the nearest 0.01 mg. The samples were ground to pass through a 

250 µm sieve and analyzed by dry combustion with a Carlo Erba NA 2500 elemental 

analyzer (Milan, Italy). 

Statistical Analyses 

All statistical analyses were done in JMP 6.0 (SAS Institute 2006; Cary, NC). We 

used a partial hierarchal analysis of variance design for the comparison between mature 

forests and adjacent agricultural fields. We tested for the influence of soil type (‘between 

subjects’), land-use type (mature forests and agricultural fields – ‘within subjects’), and 

depth (‘within subjects) on root biomass, pH, bulk density, soil C, soil N, and soil C:N.  

Analysis of covariance models were constructed to test for the effect of soil type, 

with time since agricultural abandonment as the covariate, and their interaction on C 

content, N content, soil C:N, and soil bulk density for each of the three depths (0 to 5 cm, 

5 to 10 cm and 10 to 20 cm). The interaction between time and soil type tested for 

differences in slopes among soil types. We also used simple linear regression models 

with total soil C or N content and time since abandonment for each depth and soil type. 

Regressions were also used to examine the relationship between the mean free-light 

fraction C and N pools over time. 

Tree aboveground biomass for each plot was estimated using allometric equations 

relating biomass to DBH for each species that were developed for the closest possible 

geographic location (Ter-Mikaelian and Korzukhin 1997, Lambert et al. 2005) and 
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Simpson’s index (Hurlbert 1971) was used to calculate tree species diversity among soil 

types. We averaged the data from the 10 plots in each of the five replicate sites and used 

analysis of variance models to compare tree aboveground biomass, number of stems per 

plot, and species diversity among soil types. 

Results 

Potential for Soil Carbon and Nitrogen Sequestration 

Overall, land-use type had a strong impact on soil C and N contents (Tables 1, 2, 

Fig. 1). Agricultural fields had significantly lower C and N compared to mature forests at 

0 to 5 cm and 5 to 10 cm depths (Table 2, Fig. 1). To our surprise, soil type did not 

significantly influence C or N at either depth and there were no significant interactions 

between land-use type and soil type (Table 2, Fig. 1). Carbon content in agricultural 

fields was on average 32% lower relative to mature forests when averaged over the top 10 

cm of the three soil types. The decrease in soil N was smaller (averaging 18%) and more 

variable than for C (ranging from 10% to 25%). Therefore, soil C:N was significantly 

lower in agricultural fields relative to mature forests for all soil types at both 0 to 5 cm 

and 5 to 10 cm (Tables 1, 2). 

We also analyzed the data as concentrations of soil C and N (g/100g dw) and found 

very similar results (Table 2). However, the mature forest soils on the Brunisol had 

higher C and N concentrations compared to the mature forests of the other two soil types 

(data not shown), resulting in a relatively large difference between mature forests and 

agricultural fields in this soil and thus there was a significant interaction between land-

use type and soil type (Table 2). C and N concentrations were also significantly higher 

from 0 to 5 cm than 5 to 10 cm (Table 2).  
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Total Soil Carbon and Nitrogen Over Time 

Soil C content increased significantly over time since agricultural abandonment 

between 0 and 5 cm depth (Table 3, Fig. 2), tended to increase significantly between 5 

and 10 cm (Table 3, Fig. 3), but was unaltered between 10 and 20 cm (Table 3). The non-

significant interactions between soil type and time for all depths (Table 3) indicated the 

rates of increase were statistically similar among soil types (Table 4, Fig. 2). 

Nevertheless, in the top 5 cm, the Luvisol soil generally had higher C contents across the 

chronosequence (Fig. 2) resulting in a larger intercept compared to the other two soils 

(Table 3, 4, Tukey’s HSD, P < 0.05). Thus, although the rates were similar, there was a 

significant influence of soil type (Table 3).  

Soil N content increased significantly with time since agricultural abandonment 

between 0 and 5 cm, but did not change at lower depths (Table 3). The rates of increase 

in the top 5 cm were statistically similar among soil types (Table 3), but the relationship 

with time was strongest in the Luvisol (Table 4). Analogous to the results for C above, 

soil type significantly influenced N content from 0 to 5 cm and 10 to 20 cm (Table 3) due 

to significantly higher N contents across the chronosequence in the Luvisol compared to 

the other two soil types (Tukey’s HSD, P < 0.05). The higher soil N content from 10 to 

20 cm may in part be due to significantly higher bulk density in the Luvisol at this depth 

(Table 3).  

Soil C:N increased significantly over time between 0 to 5 and 5 to 10 cm (Table 3). 

Again, although the rates of increase were similar among soil types, there was a 

significant soil type effect (Table 3) due to the Luvisol soil having significantly lower 

C:N ratios than the Podzol and Brunisol in the top two depths (Tukey’s HSD, P < 0.05). 
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At 10 to 20 cm, soil C:N tended to increase over time with no differences among soil 

types in the rate of increase (Table 3). In addition, soil type had a significant overall 

effect on C:N at 10 to 20 cm due to higher ratios in the Brunisol compared to the Luvisol 

(Tukey’s HSD, P < 0.05). 

Combining the slopes of the regression equations for 0 to 5 cm and 5 to 10 cm 

(Table 4), results in average rates of C accumulation of 8.5 g C m-2 yr-1, and 10.3 g C m-2 

yr-1, and, 11.4 g C m-2 yr-1 in the top 10 cm for the Podzol, Brunisol, and Luvisol 

respectively. A comparison of the slopes at 0 to 5 cm and 5 to 10 cm revealed that 64% to 

76% of the C accumulation occurred in the top 5 cm (Table 4).   

Free-Light Fraction Soil Carbon and Nitrogen Over Time in the Brunisol 

Soil free-light fraction C contents did not change significantly across the 

chronosequence of agricultural abandonment (Fig. 4). However, the concentration (g/100 

g dw) of soil free-light fraction C tended to increase over time (Linear regression F1,19 = 

2.9, P = 0.1). As a result, there was no change in the proportion of total soil C as free-

light fraction following agricultural abandonment (Fig. 5). There were no significant 

changes in free-light fraction N contents or concentrations over time since abandonment 

(Fig. 4) or in the proportion of total soil N as free-light fraction (Fig. 5). The C:N ratio of 

the free-light fraction pool was wider than the total soil C:N ratio, averaging 20:1 as 

compared to 12-13:1 in the agricultural fields, and increased significantly over time 

(Linear regression, F1,19 = 15.1, P = 0.001) (Fig. 4).  

Mature forests tended to have larger free-light fraction C (paired t-test, t4 = 2.0, P = 

0.1) and N (paired t-test, t4 = 2.1, P = 0.1) contents than agricultural fields (Fig. 4). Both 

free-light fraction C and N varied widely in mature forests (Fig. 4) and were positively 
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correlated with the depth of the FH layer in mature forest samples (Spearman correlation, 

ρ = 0.84, P < 0.001). Nevertheless, results for the comparison of free-light fraction pools 

between land-use types were similar when the two mature forest sites with the highest 

free-light fraction C and N and deepest FH layers were excluded (average FH depths of 2 

cm and 1 cm). 

Soil Properties Among Soil Types and Between Land-use Types 

The Luvisol soil had higher silt and clay concentrations than the Brunisol and 

Podzol soils (Table 5). The Brunisol and Podzol had similar textures due to higher than 

expected sand concentrations in the Brunisol (Table 5). Soil pH did not differ 

significantly among soil types, but pH was significantly different between land-uses and 

the significant interaction between these two factors (Table 2) was due to higher pH in 

agricultural fields compared to mature forests in the Podzol perhaps indicating the 

addition of ash following land clearance (Table 1). The pH of the Brunisol was lower 

than expected for soils over limestone bedrock (Table 1). Generally, the Brunisol and 

Podzol soil types had quite similar pH and texture despite their different parent materials 

while the Luvisol soil clearly had a different texture.  

As expected soil bulk density was generally higher in the deeper soil interval 

(Tables 1, 2). The significant interaction between depth and land-use type indicated the 

increase in bulk density with depth was larger in the agricultural fields (Tables 1, 2). 

There was also a significant interaction between land-use and soil type (Table 2). In 

mature forest soils, the Luvisol had a higher bulk density than the other soil types and the 

Luvisol had only a small increase in bulk density upon conversion for agriculture relative 

to the Podzol and especially the Brunisol (Table 1). 
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Bulk density decreased significantly over time since agricultural abandonment 

between 0 to 5 cm and 5 to 10 cm and at the same rate in all three soil types (Table 3). 

There was no change in bulk density across the chronosequences from 10 to 20 cm (Table 

3). However, there was a significant soil type effect at the 10 to 20 cm depth, as the 

Luvisol had a significantly higher bulk density than the other two soil types (Table 3, 

Tukey’s HSD, P < 0.05). 

Vegetation Characteristics Among Soil Types and Between Land-use Types 

Aboveground tree biomass, stem density, and tree species diversity in mature 

forests did not significantly differ among soil types (Table 6). Sugar maple was the 

dominant tree species with statistically similar biomass and stem density among soil 

types (Table 6). Soil type had no significant effect on biomass or stem density for any 

species that comprised at least 5% of aboveground biomass with the exception of Ash, 

which tended to have a larger biomass on the Luvisol (Table 6). Red Oak and American 

Beech were relatively infrequent and highly variable among replicate sites (Table 6).  

Root biomass significantly differed among depths, but there was a significant 

interaction between land-use type and depth (Table 2) due to larger root biomass at 0 to 5 

cm than 5 to 10 cm in agricultural fields, but no change with depth in mature forests 

(Table 1). As a result, root biomass was larger in mature forests compared to agricultural 

fields at 5 to 10 cm depth. There was also a significant interaction between soil type and 

land-use type (Table 1). Root biomass was smaller in agricultural fields on the Brunisol 

compared to the other soil types at both depths. As a result, mature forests had larger root 

biomass than agricultural fields at both 0 to 5 cm and 5 to 10 cm only in the Brunisol 

(Tables 1, 2). 
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Discussion 

We investigated C sequestration following agricultural abandonment in marginal 

(i.e. low productivity) soils of eastern Ontario that have been farmed using low intensity 

practices for the past one to two centuries. Agricultural fields had substantially lower soil 

C levels than adjacent mature forests, implying significant potential for C sequestration 

when such land is abandoned (Table 2, Fig. 1). We have also shown, using replicated 

chronosequences, that soil C increased at a linear rate for at least 100 years during natural 

regeneration of mixed-deciduous forests on abandoned farmland in this region. Soil type 

had little effect on the potential for soil C sequestration in the top 10 cm (Table 2). 

Similarly, the rates of C accumulation across the chronosequences were not significantly 

affected by soil type (Tables 3, 4). These results did not support our hypothesis that 

differences in texture among soil types would influence both the potential and rate of C 

sequestration. Finally, soil free-light fraction C did not accumulate significantly 

following agricultural abandonment (Fig. 4). These results partially support our initial 

hypothesis, as they suggest C is accumulating mainly in the heavy fraction during the 

first 100 years of succession. Together these findings make a unique contribution to our 

knowledge of the patterns and controls on soil C sequestration during temperate forest 

succession. Long-term studies following agricultural abandonment are rare, (Knops and 

Tilman 2000, Post and Kwon 2000), but are necessary in order to predict the overall 

magnitude of soil C sequestration. Furthermore, our replicated chronosequence sites were 

scattered across a large area of southeastern Ontario (~200 000 ha) and therefore allows 

us to extrapolate our results to a larger scale than most previous studies. 

Soil Carbon and Nitrogen Between Land-use Types 
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Total soil C was 32% lower and soil N was 10 to 25% lower in the top 10 cm of 

agricultural fields as compared to mature forest sites. Studies have reported similar results 

in productive agricultural soils, for example a 30 to 34% decrease in soil C across Ontario 

(Ellert and Gregorich 1996) and an average 24% decrease in soil C in a global review 

(Murty et al. 2002), though to greater sampling depths. Similarly, when multiple 

sampling depths were considered, the average soil C loss was ~30% in the top soil layer 

(top 10  to 15 cm) in another review (Davidson and Ackerman 1993). A smaller loss of N 

than C resulted in a narrowing of the soil C:N ratio in agricultural fields, which is also 

similar to previous studies (Ellert and Gregorich 1996, Murty et al. 2002). Lower litter 

C:N ratios in agricultural soils, large losses of C via respiration during decomposition, 

and/or N inputs from inorganic fertilizer, organic fertilizer, or legumes may have 

contributed to the narrower soil C:N (Ellert and Gregorich 1996, Murty et al. 2002, 

McLauchlan 2006a). Although previous research has reported agricultural impacts on soil 

C and N, few studies have focused on regions where the soils are considered marginal for 

agriculture, low intensity agriculture has been practiced, and abandonment is common. 

Our results imply that marginal agricultural soils have a significant potential for C 

sequestration when such land is abandoned.  

We only considered the potential for C sequestration in the 0 to 5 cm and 5 to 10 

cm intervals of our soils. The magnitude of C loss due to agriculture could be lower if 

integrated over a deeper soil interval for two reasons: 1) soil C is largest and lost mainly 

from close to the surface, so integrating over a deeper interval would lower the potential, 

or 2) soil C is highest near the surface in forests, but some soil C may be redistributed to 

lower soil depths as a result of agricultural practices. The second issue could only be 
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resolved by sampling lower soil depths. We did sample from 10 to 20 cm across the 

successional sites and found that the C concentration was low (1.6% +/- 0.07%) and did 

not change over time indicating that the largest potential for C sequestration occurs in the 

top 10 cm of the soils we studied. 

Soil Carbon and Nitrogen Accumulation 

Soil C increased linearly over 100 years of forest succession in our study along 

replicated chronosequences of abandoned agricultural land. Previous studies have also 

found linear increases in soil C over the first few decades following abandonment (Knops 

and Tilman 2000, McLauchlan 2006b, McLauchlan et al. 2006). In contrast, theory on 

ecosystem development predicts that there should be a decline in the rate of soil C 

sequestration late in succession as rates of NPP and soil decomposition converge (Odum 

1969, Chapin et al. 2002). It is possible that C accumulation rates may slow in the future 

as soil C approaches the levels in our mature forests if the latter are close to full 

development and therefore provide an indication of the maximum soil C content. Our 

chronosequence data indicate no evidence that an asymptote has been reached within 80 

to 100 years and thus our chronosequences imply soils are a predictable (linear) C sink 

for the first century of forest succession. Furthermore, the similarity between the oldest 

chronosequence sites and the mature forests (especially in the Luvisol) indicates the 

majority of the C sequestration potential has been achieved by ~80 to 100 years. 

Our conclusions about soil C and N accumulation assume that the 

chronosequences are accurate ‘space for time’ substitutions. First, this approach assumes 

that all successional sites within a soil type had similar soil C and N levels when 

abandoned. The majority of soil C losses occur within the first few years or decade of 
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agricultural practices (Murty et al. 2002). Our oldest successional sites were abandoned 

around 1910 and were likely agricultural fields for at least a couple of decades prior to 

abandonment, as agriculture was widespread since the mid 1800’s. Therefore, this 

suggests all sites experienced similar C and N losses. Second, soil C can vary widely 

between agricultural fields on the same soil type even within a small area due to 

differences in management practices (Paul et al. 2003). Our experimental design included 

replicated pairs of adjacent agricultural field and mature forest sites for each soil type and 

replicated sites for most ages along the chronosequences to account for this variability. 

Third, all sites should have experienced the same conditions for ecological succession 

regardless of abandonment date. Since mature forests are scattered throughout the region, 

seed dispersal and colonization are unlikely to have been limiting. However, atmospheric 

N deposition, invasive earthworms, and deer populations that have all increased in the 

region within the past century could have influenced forest development and soil C 

accumulation. 

The mean rate of soil C accumulation over 100 years of succession was 10 g C m-

2 yr-1 in the top 10 cm averaged across soil types with 64% - 76% occurring in the top 5 

cm. Calculating C accumulation to a constant mass as opposed to constant depth corrects 

for differences in mass across the chronosequences due to decreasing bulk density. The 

average rate of soil C accumulation in our study was 14 g C m-2 yr-1 based on a constant 

mass of 78 kg/m2, which was ~10 cm depth in the agricultural fields (App. 2,3). 

Although, calculating to a constant mass yields higher rates of C accumulation, the 

amount of C sequestered per year was still quite low in these marginal soils. Our rates 

were lower but within the same order of magnitude as C accumulation over a 60-year 
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chronosequence of a prairie-savanna-oak woodland in Minnesota, at 19 g C m-2 yr-1 in the 

top 10 cm (Zak et al. 1990, Knops and Tilman 2000). Rates during temperate grassland 

development can be as high as 70 g C m-2 yr-1 in the top 10 cm (McLauchlan 2006a, 

McLauchlan et al. 2006). In contrast, rates of 3 to 4 g C m-2 yr-1 are reported for 

development of white pine forests in the top 10 cm (Hooker and Compton 2003) or 

afforestation with pines in the top 15 cm (Richter et al. 1999), which may be due to slow 

decomposition of pine litter. In summary, rates of soil C sequestration appear to vary 

across vegetation types within temperate regions, though all estimates are within the same 

order of magnitude. Our results suggest that C accumulation rates in mixed-deciduous 

forests are lower than in grasslands, but higher than areas where coniferous species are 

more dominant.  

Total soil N increased at an average rate of 0.34 g N m-2 yr-1 across the three 

chronosequences in the top 5 cm. The estimated annual wet deposition for southeastern 

Ontario is between 0.4 - 0.5 g N m-2 yr-1 (Environment Canada 2004) and dry deposition 

would increase this estimate. Therefore, atmospheric N deposition could account of all of 

the soil N accumulation. Nitrogen deposition was also thought to contribute to increasing 

total soil N across the 60-year chronosequence in Minnesota (Knops and Tilman 2000). 

This study also found that legume abundance was positively related to soil N and 

therefore N fixation could also contribute to the increase in soil N during succession 

(Knops and Tilman 2000). 

Soil Carbon and Nitrogen Among Soil Types 

To investigate the influence of soil texture on C content in our study we can 

compare the relatively sandy Podzol and Brunisol soils to the Luvisol. Soil C contents of 
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mature forests, the amounts of C lost due to agriculture, and the rates of soil C 

accumulation were similar among soil types. Soil C and clay concentration are often 

correlated (Nichols 1984, Plante et al. 2006), but this relationship has not been shown 

consistently (Percival et al. 2000, McLauchlan 2006b). Similarly, clay content did not 

influence soil C accumulation over a 40-year perennial grassland chronosequence 

(McLauchlan 2006b). Land-use type analysis found no effect of land-use*soil type and 

therefore soil C in agricultural fields did not differ among soil types. However, our 

analysis of covariance across the chronosequences revealed that overall the Luvisol had 

significantly higher C and N contents in the top 5 cm. This apparent discrepancy between 

our comparison of land-use types and our chronosequence data may be due to small but 

consistent differences in soil C contents in the Luvisol across all chronosequence sites. 

The C contents of the mature forests are very similar among soil types and therefore these 

data suggest that the Luvisol would recover to pre-agricultural levels earlier than the 

other two soils. Overall, the results from our study are in agreement with previous work 

that time is a more important influence than texture on soil C accumulation following 

agricultural abandonment (McLauchlan 2006b). 

There were clear differences in C and N concentrations between soil types, The 

Brunisol mature forest soils had higher concentrations than the mature forests of the other 

soil types. We included FH horizons (~1 cm) that were only found in three of the 

Brunisol forest sites and likely contributes to the higher C and N concentrations and the 

lower bulk density near the surface of the Brunisol forests. Local soil surveys also 

indicate higher organic matter levels in the Brunisol than the Podzol  (Gillespie et al. 

1966, Gillespie and Wicklund 1968) and these differences in C and N concentrations may 
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also be an indication of a general difference among the three soil types in this study.  

Texture analyses revealed that our three soil series were not as different texturally 

as we expected. In particular, the Podzol and the Brunisol both had a sandy-loam texture 

on average despite carefully choosing sites using local geologic and soil survey maps as 

well as in situ field inspections. The Brunisol occurs adjacent to the Canadian Shield 

boundary in southeastern Ontario and mixing of glacial till may account for the similarity 

in texture. As well, the Brunisol is underlain by sandstone in some areas and there is an 

irregular distribution of areas that have a coarser texture in Leeds county where the 

majority of our Brunisol sites occurred (Gillespie and Wicklund 1968). These two soil 

types occur on different geologic substrates, which is likely to influence drainage and soil 

texture is only one aspect of their differences. In any event, although the Podzol and 

Brunisol had similar textures, the Luvisol was clearly distinct, having less than one third 

the amount of sand and four to five times the amount of clay.  

Free-Light and Heavy Fraction Pools 

Our final objective was to investigate the long-term dynamics of a labile C pool 

versus pools with slower turnover times. Free-light fraction consists of organic matter not 

associated with mineral particles, while the heavy fraction tends to have a relatively slow 

turnover and includes organic matter both physically protected within soil aggregates and 

chemically bound to silt or clay particles (Baisden et al. 2002, Yamashita et al. 2006). In 

addition to free-light fraction, many studies use techniques that disrupt aggregates to 

include light fraction material occluded within aggregates, which consists of more highly 

decomposed compounds and has a longer turnover time than the free-light fraction 

(Golchin et al. 1994, Baisden et al. 2002). Here we focused on the free-light fraction only 
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as representing particularly active labile C pool that should be sensitive to changes in 

land-use. 

We found that free-light fraction C only increased slightly over the chronosequence 

of abandoned farmland. Few studies have documented changes in labile C following 

agricultural abandonment. Light fraction C was 36-61% lower in soils cultivated 90 to 

120 years ago compared to uncultivated soils in New England (Compton and Boone 

2000) suggesting that light fraction C takes longer to recover than pools with slower 

turnover. Free-light fraction increased over the first decade of succession in Michigan, 

but most of the soil C accumulated in pools associated with mineral particles (DeGryze et 

al. 2004). Similarly, C accumulation occurred mostly in recalcitrant pools across a 40-

year grassland chronosequence in Minnesota and the authors suggested that rapid 

microbial processing of incoming plant residues and thus production of biochemically 

recalcitrant microbial byproducts contributed to this increase (McLauchlan et al. 2006). 

Our findings corroborate the results from the above studies and extend the timeframe and 

strongly suggest that most soil C accumulation over the first century of forest succession 

is in the mineral fractions (i.e. slower turnover) and free-light fraction may not recover 

until quite late in succession.  

There tended to be a difference in free-light fraction between agricultural fields and 

adjacent mature forests, though free-light fraction was highly variable among the mature 

forests. Free-light fraction among forest samples was highly correlated to the depth of the 

FH horizons. These forest floor horizons were also highly variable both within and 

among mature forest sites and perhaps the variability in free-light fraction in mature 

forests was related to the presence of an FH layer. The quantity or quality of litter might 
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change as mature forests develop and contribute to the development of forest floor and/or 

light fraction pools. In addition, earthworms mix surface litter with mineral particles, 

which may increase the formation of aggregates (Fox et al. 2006) and could influence 

light fraction accumulation. Earthworms were common in our study area and were 

observed frequently in all soil cores. Earthworm activity can also decrease forest floor 

mass (Bohlen et al. 2004) and could help explain why there was little development of FH 

layers even at the oldest chronosequence sites. 

Previously, it has been suggested that increases in labile and intermediately 

decomposed pools contribute to the increase in soil C:N after abandonment (Knops and 

Tilman 2000). Labile and intermediately decomposed pools have higher C:N ratios than 

more highly decomposed recalcitrant pools. However, previous results and ours suggest 

that most of the increases in C and N are occurring in relatively recalcitrant pools 

(McLauchlan et al. 2006).  We also found an increase in the C:N ratio of the free-light 

fraction pool. Therefore, it is possible that changes in litter quality from agricultural fields 

to mature forests may be influence the C:N ratio of the free-light fraction pool and thus 

the C:N of the whole soil.  

Conclusions 

We found significant potential for C sequestration in relatively shallow, marginal 

agricultural soils. In addition, soil C increased linearly at ~10 g C m-2 yr-1 over 

chronosequences of abandoned agricultural land. These soils could be managed as 

predictable (linear) C sinks for at least a century during natural regeneration of mixed-

deciduous forests. In the Brunisol soil, free-light fraction C did not increase over the first 

century of succession indicating that substantial biogeochemical changes may occur even 
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after a century of succession. Although, free-light fraction represents an active pool that 

should be sensitive to changes in land-use, most of the C accumulated in pools associated 

with mineral particles that have slower turnover times. Finally, both the potential for C 

sequestration and the rates of accumulation following abandonment were similar among 

soil types of differing texture and parent material strongly suggesting that time since 

abandonment is more important than soil type in determining C accumulation within this 

climatic region.  
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Tables 

Table 1. Soil C:N, pH, bulk density, and root biomass for mature forests and agricultural fields on each of the three soil types for 0 to 
5 cm and 5 to 10 cm depths. Values represent means (n = 5) and parentheses indicate standard error.  
 

   Podzol Brunisol Luvisol 
Soil Property Forest Field Forest Field Forest Field 
Soil C:N           
 0 to 5 cm 15.3 (0.4) 13.7 (0.1) 16.0 (1.1) 12.2 (0.3) 14.9 (0.2) 12.0 (0.2) 
 5 to 10 cm 15.1 (0.4) 13.4 (0.1) 15.5 (1.2) 12.7 (0.4) 14.8 (0.5) 12.4 (0.3) 
pH             
 0 to 5 cm 5.2 (0.4) 5.7 (0.2) 5.3 (0.4) 5.4 (0.3) 5.4 (0.2) 5.4 (0.1) 
 5 to 10 cm 5.1 (0.4) 5.8 (0.2) 5.1 (0.3) 5.4 (0.3) 5.4 (0.2) 5.5 (0.2) 
Bulk density (g/cm3)            
 0 to 5 cm 0.65 (0.06) 0.86 (0.05) 0.45 (0.07) 0.93 (0.05) 0.75 (0.06) 0.80 (0.06) 
 5 to 10 cm 0.75 (0.05) 1.12 (0.03) 0.67 (0.10) 1.13 (0.07) 0.94 (0.05) 1.14 (0.05) 
Root biomass (g/m2)          

 0 to 5 cm 138.2 (15.3) 219.4 (34.5) 137.3 (16.9)   95.9 (43.1) 102.0 (16) 164.6 (42.9) 

  5 to 10 cm 128.5 (18.7) 74.1 (9.5) 135.7 (22.8) 18.1 (7.7) 104.7 (26)  66.9 (16.9) 
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Table 2. Statistical analyses of the effects of land-use (mature forests and agricultural fields), 
soil type (sandy loam, loam, and clay), and soil depth (0 to 5 cm and 5 to 10 cm) on soil carbon 
and nitrogen, pH, bulk density, and root biomass using partial hierarchal ANOVAs. The degrees 
of freedom for the test of each model component are given and only significant effects and 
interactions are shown. For this analysis variability among sites is shown by site nested within 
soil type. 
 

Soil Property Factor d.f. F ratio P value 
     

Carbon (kg C m-2) Land-use type 1,36 60.4 <0.0001 
 Site[Soil type] 12,36 7.4 <0.0001 
     
Nitrogen (kg N m-2) Land-use type 1,36 22.3 <0.0001 
 Site[Soil type] 12,36 10.2 <0.0001 
     
Soil C:N Land-use type 1,36 137.6 <0.0001 
 Land-use type*Soil type 2,36 5.1 0.01 
 Site[Soil type] 12,36 5.8 <0.0001 
     
Carbon (g/100 g dw) Land-use type 1,36 65.5 <0.0001 
 Depth 1,36 11.3 0.002 
 Land-use type*Soil type 2,36 9.4 0.0005 
 Site[Soil type] 12,36 5.8 <0.0001 
     
Nitrogen (g/100 g dw) Land-use type 1,36 48.7 <0.0001 
 Depth 1,36 10.9 0.002 
 Land-use type*Soil type 2,36 9.0 0.0007 
 Site[Soil type] 12,36 7.8 <0.0001 
     
pH Land-use type 1,36 8.5 0.006 
 Land-use type*Soil type 2,36 3.1 0.06 
 Site[Soil type] 12,36 7.9 <0.0001 
     
Bulk density (g/cm3) Land-use type 1,36 195.1 <0.0001 
 Depth 1,36 107.7 <0.0001 
 Land-use type*Soil type 2,36 21.8 <0.0001 

 Depth*Soil Type 2,36 5.9 0.02 
 Site[Soil type] 12,36 8.4 <0.0001 
     
Root biomass (g/m2) Depth 1,36 18.2 0.001 
 Land-use type*Soil type 2,36 5.9 0.006 
 Land-use type*Depth 1,36 14.5 0.0005 
  Site[Soil type] 12,36 2.0 0.053 
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Table 3. Analysis of covariance models for soil carbon content, nitrogen content, C:N, and bulk density among soil types, over 
time since agricultural abandonment (covariate), and their interaction. The degrees of freedom are given and significant results 
(P < 0.05) are shown in bold (ns = non significant). 
 

   Carbon (kg C m-2) Nitrogen (kg N m-2) Soil C:N Bulk Density (g/cm3) 
Depth Model effect d.f. F ratio P value F ratio P value F ratio P value F ratio P value 
                

0 to 5 cm Soil type 2, 45 5.4 0.008 10.0 0.0003 7.8 0.001   ns 
 Time 1, 45 23.8 <0.0001 9.7 0.003 22.8 <0.0001 18.3 <0.0001 
 Soil type*Time 2, 45   ns   ns  ns   ns 
                
5 to 10 cm Soil type 2, 45   ns 2.5 0.09 4.7 0.01 2.4 0.1 
 Time 1, 45 3.4 0.07   ns 13.6 0.0006 52.9 <0.0001 
 Soil type*Time 2, 45   ns   ns  ns   ns 
                
10 to 20 cm Soil type 2, 30 2.3 0.1 4.9 0.01 3.9 0.03 4.6 0.018 
 Time 1, 30   ns   ns 2.3 0.1   ns 
  Soil type*Time 2, 30   ns   ns   ns   ns 
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Table 4. Simple linear regressions between soil carbon or nitrogen content and time since agricultural abandonment (‘x’- 
years) for each soil type at each depth. Results are only shown for carbon and nitrogen models from Table 3 where the ‘time’ 
factor had a P < 0.1. Significant results are shown in bold. 
 

Soil Property   Soil Type d.f. F ratio P value R2 Equation 
Carbon (kg C m-2)        
 0 to 5 cm Podzol 14 5.8 0.03 0.31 0.00645x + 1.25 
  Brunisol 20 7.7 0.01 0.29 0.00690x + 1.15 
  Luvisol 14 27.7 0.0002 0.68 0.00726x + 1.47 
 5 to 10 cm Podzol 14 0.4 0.6 0.03 0.00205x + 1.26 
  Brunisol 20 1.3 0.3 0.07 0.00343x + 1.22 
  Luvisol 14 4.4 0.06 0.25 0.00417x + 1.37 
        
Nitrogen (kg N m-2)        
 0 to 5 cm Podzol 14 3.5 0.08 0.21 0.000349x + 0.094 
  Brunisol 20 2.14 0.2 0.10 0.000286x + 0.092 
    Luvisol 14 10.3 0.007 0.44 0.000375x + 0.120 
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Table 5. Percent sand, silt, and clay for the three soil types. Soils are from the oldest successional sites (average age = 74 yrs) 
from 0 to 5 cm and 10 to 20 cm. Values represent means (n = 5) and parentheses indicate standard error. Measured values were 
classified according to the USDA classification (Gee and Bauder 1986) and compared to our expectations based on Canadian 
soil survey map classifications for the sampling sites (Gillespie et al. 1968). 
 

  Measured Classification 
Soil Type   % sand % silt % clay USDA Classification Expected 
Podzol        
 0 to 5 cm 60 (3) 32 (2) 8 (1) Sandy loam Sandy loam 
 10 to 20 cm 61 (3) 29 (2) 10 (1) Sandy loam Sandy loam 
Brunisol        
 0 to 5 cm 58 (6) 32 (6) 9 (2) Sandy loam Loam 
 10 to 20 cm 59 (4) 29 (4) 12 (1) Sandy loam Loam or Sandy loam 
Luvisol        
 0 to 5 cm 18 (7) 50 (5) 32 (4) Silty clay loam Clay 
  10 to 20 cm 13 (3) 46 (2) 41 (4) Silty clay Clay 
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Table 6. Aboveground tree biomass, stem density (number of stems per 1000 m2), and Simpson’s diversity index for mature 
forests on the three soil types. Biomass and number of stems are shown for all tree species that make up at least 5% of the 
biomass on at least one of the soil types. Values represent means for each soil type (n = 5), parentheses indicate standard error, 
and one-way ANOVA results are shown (d.f. = 2, 12). 
 

Variable   Podzol Brunisol Luvisol F ratio p value 
Aboveground biomass (kg/m2)         

 Sugar Maple 15.4 (2.6) 17.8 (5.4) 9.0 (4.0) 1.2 0.3 
 Ash 0.9 (0.5) 1.4 (0.9) 5.0 (1.8) 3.5 0.06 
 Red Oak 2.3 (1.4) 0.20 (0.20) 8.7 (4.8) 2.1 0.2 
 American Beech 0.5 (0.5) 5.1 (5.1) 0.5 (0.4) 0.1 0.9 
 Total 21.7 (2.1) 28.4 (7.1) 27.4 (3.7) 0.6 0.6 
          

Stems density (#/1000 m-2)         

 Sugar Maple 210 (40) 82 (23) 116 (58) 2.3 0.1 
 Ash 30 (12) 27 (13) 30 (7) 0.02 0.9 
 Red Oak 1 (1) 2 (1) 7 (6) 1.4 0.3 
 American Beech 16 (15) 32 (23) 9 (8) 0.4 0.7 
 Total 310 (39) 228 (13) 247 (46) 1.5 0.3 
          

Simpson's diversity index (D) 1.53 (0.12) 1.62 (0.13) 1.77 (0.22) 0.6 0.6 
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FIGURES 

 

Figure 1. Mean soil carbon content from 0 to 5 cm (a) and 5 to 10 cm (b) and mean 
nitrogen content from 0 to 5 cm (c) and 5 to 10 cm (d) in mature forests and adjacent 
agricultural fields for each soil type (n = 5, bars = +/- 1 SE). 
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Figure 2. Soil carbon content over time since agricultural abandonment for 0 to 5 cm 
depth in Podzol (a), Brunisol (b), and Luvisol (c) soil types. Lines are linear regressions 
and mean and standard errors for mature forests are shown (n = 5, bars = +/- 1 SE). 
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Figure 3. Soil carbon content over time since agricultural abandonment for 5 to 10 cm 
depth in Podzol (a), Brunisol (b), and Luvisol (c) soil types. Lines are linear regressions 
and mean and standard errors for mature forests are shown (n = 5, bars = +/- 1 SE). 
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Figure 4. Soil free-light fraction carbon content (a), nitrogen content (b), and C:N ratio 
(c) over time since agricultural abandonment between 0 and 10 cm in the Brunisol soil. 
Each point is the mean of five replicate cores per site (n = 5, bars = +/- 1 SE).  
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Figure 5. Soil free-light fraction carbon as a percentage of total carbon (a) and free-light 
fraction nitrogen as a percentage of total nitrogen (b) over time since agricultural 
abandonment between 0 and 10 cm in the Brunisol soil. Ratios were calculated using 
concentrations (per g dw). Each point is the mean of five replicate cores per site (n = 5, 
bars = +/- 1 SE).  
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CHAPTER 3: SOIL NET NITROGEN CYCLING RATES AND MICROBIAL 

BIOMASS DURING TEMPERATE FOREST SUCCESSION USING A 100-YEAR 

REPLICATED CHRONOSEQUENCE 

 

Abstract 

Land clearance for agriculture by European colonists followed by more recent 

abandonment has resulted in a mosaic of forests at different stages of secondary 

succession in northeastern North America. Total soil carbon and nitrogen are often 

significantly depleted by agricultural activities, and may require over 100 years to rise 

back up to pre-agricultural levels. Soil microorganisms play key roles in regulating 

ecosystem processes through their control over soil carbon dynamics and the net 

production of soluble nitrogen, but measurements of microbial dynamics across a full 

chronosequence of forest regeneration are rare. We hypothesized that soil microbial 

growth and net nitrogen transformation rates should increase as net primary production 

and total soil carbon and nitrogen increase following agricultural abandonment. We 

measured microbial biomass, net nitrogen mineralization, and net nitrification across a 

100-year replicated chronosequence of abandoned agricultural lands in southeastern 

Ontario that were naturally regenerating to mixed temperate forests. 

Microbial biomass carbon and nitrogen were significantly depleted in current 

agricultural fields, but recovered quickly after abandonment, rising to a peak at ~70 years 

and then declining toward stable levels late in succession. These results support our initial 

hypothesis and strongly suggest that soil microbial growth during all phases of succession 

was limited by carbon supply. In contrast, net nitrogen mineralization and nitrification 
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rates during mid-summer did not change significantly over the first 100 years following 

agricultural abandonment. Together, these results suggest that increasing plant 

productivity during succession is an important influence on microbial growth and 

accumulation of carbon in abandoned agricultural soils in this region. However, nitrogen 

supply rates into the plant available pool were similar across the entire successional 

sequence, during mid-summer at least. Therefore, it seems likely that plants rely on 

additional sources of nitrogen, such as dissolved organic nitrogen in the soil or 

atmospheric nitrogen deposition to support increases in net primary production and plant 

biomass that occur during forest succession on abandoned agricultural soils.  

Introduction 

Successional forests are widespread in northeastern North America as a result of 

clearance of land for agriculture by European colonists followed by abandonment over 

the past two centuries (Hart 1968, Parson 1999). Forest clearance and agricultural 

practices often result in substantial losses of total soil carbon (C) and nitrogen (N) (Murty 

et al. 2002), and therefore successional forests may be a significant C sink, sequestering 

C in plant biomass and soils (Post and Kwon 2000). Soil microorganisms play key roles 

in regulating ecosystem processes through their control over soil C dynamics and the net 

production of N (Chapin et al. 2002), especially as N often limits primary productivity in 

temperate ecosystems (Vitousek and Howarth 1991). Soil microbial dynamics may be 

altered in successional forests due to the legacy of agricultural practices and changes in 

ecosystem processes that occur during succession (Odum 1969, Chapin et al. 2002). A 

further complication arises from the influence of anthropogenic N deposition on above 

and belowground C and N cycling, where the responses may be different for forests at 
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different successional stages (Townsend et al. 1996, Aber and Driscoll 1997, Vitousek et 

al. 1997). It is surprising that there have been few studies documenting changes in 

microbial biomass or N transformations across a full chronosequence of forest 

succession, despite the potential such studies would have to enhance our understanding of 

C and N cycling and responses to disturbances such as N deposition (Vitousek et al. 

1989, Zak et al. 1990).  

Soil microorganisms are the primary decomposers of soil organic matter and 

therefore changes in microbial growth and the factors that control their growth provide 

insight into soil carbon dynamics. For instance, soil microbial growth is often limited by 

C in many temperate ecosystems, including agricultural systems (Schimel 1986, Paul and 

Clark 1996) and consequently microbes rely on net primary productivity (NPP) and C 

available in the soil (Zak et al. 1994). Therefore, we might expect microbial biomass to 

change in accordance with changes in the quantity and quality of plant inputs over 

succession. Forest successional theory following disturbance predicts that NPP generally 

increases from early to mid succession followed by a slow decline late in succession that 

may or may not stabilize (Odum 1969, Chapin et al. 2002). Microbial biomass increased 

for the first 30 years along a 60-year chronosequence of abandoned agricultural land in 

western Minnesota and was highly correlated with plant biomass and total and labile soil 

C (Zak et al. 1990). However, temperate forest succession progresses over 100 or more 

years, and the pattern over later stages of succession is unknown. We anticipate that 

microbial biomass may reach a peak and then decline in accordance with the patterns of 

NPP (Chapin et al. 2002) and litter inputs (Gower et al. 1996), or may decline as a result 

of decreasing litter quality during succession. Overall, we expect microbial biomass to 
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increase following agricultural abandonment and although the long-term patterns remain 

unclear, it is certain that these patterns are important for our understanding of carbon 

cycling and storage over succession. 

Net N mineralization is a useful index of the amount of N available for plant 

uptake, although recent work suggests some plants also use dissolved organic N (Schimel 

and Bennett 2004). Net N mineralization is controlled primarily by the quantity and 

quality of substrate available for decomposition (Chapin et al. 2002) and has been related 

to NPP across temperate forest ecosystems (Reich et al. 1997). Therefore, theory predicts 

that net N mineralization should increase following agricultural abandonment as the 

substrate available for mineralization increases (Vitousek et al. 1989). Furthermore, in 

successional ecosystems where plant growth is limited by N and if microbes are C 

limited, patterns of plant growth and microbial N transformations should be closely 

related (Zak et al. 1990). Zak et al. (1990) found a linear increase in potential net N 

mineralization and nitrification over 60-years of succession, while other researchers have 

found no change in net N mineralization over shorter time periods (Robertson and 

Vitousek 1981, Christensen and Macaller 1985, Compton et al. 1998). Net nitrification 

should follow a similar pattern as net N mineralization, as they are highly correlated 

(Booth et al. 2005) and net N mineralization provides substrate for nitrifiers. Overall, net 

N mineralization should increase following abandonment, but previous studies have 

shown highly inconsistent patterns (Vitousek et al. 1989, Zak et al. 1990). Unfortunately, 

most temperate forest studies span only the first few decades of succession and measure 

potential rates of mineralization and nitrification that may not be indicative of changes in 

the field.  
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Our study was conducted in southeastern Ontario, where forest clearance was 

common in the 1800s (Osborne 1978). Agricultural abandonment is also common in this 

region; for instance, approximately 35% of agricultural land has been abandoned in 

Eastern Canada since 1950 (Parson 1999) and abandonment was occurring at least 50 

years prior to this (Osborne 1978). We used replicated chronosequence sites spanning 

100 years of succession of mixed-deciduous forests on a single common soil type, as well 

as replicate paired adjacent mature forest and agricultural field sites, to characterize 

patterns of microbial biomass C and N (MBC and MBN), net N mineralization, and net 

nitrification over time since agricultural abandonment. We investigated relationships 

between microbial growth and N transformations over succession as well as how they 

were related to changes in total soil C and N. Specifically, we tested the following 

hypotheses:  

1. Soil microbial biomass is depleted in agricultural fields relative to mature forests.  

2. Soil microbial biomass increases over the 100-year chronosequence, associated 

with changes in total soil C. 

3. Net N mineralization and nitrification increase over the 100-year 

chronosequence. 

Methods 

Study Area 

This study was conducted in the summer of 2006 near Kingston in southeastern 

Ontario, Canada (44°14’N 76°30’W). The study area was in the Mixedwood plains 

ecozone where agriculture is a major land-use but there is also a considerable amount of 

mixed deciduous forest (Wiken 1996). Mature forests are dominated by sugar maple 
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(Acer saccharum Marsh.) and red oak (Quercus rubra L.) with some white oak (Quercus 

alba L.), red maple (Acer rubrum L.), basswood (Tilia americana L.), eastern hemlock 

(Tsuga canadensis L.), white pine (Pinus strobus L.), ironwood (Ostrya virginiana (P. 

Mill) K. Koch), and blue beech (Carpinus caroliniana Walt.) (Ecological Stratification 

Working Group 1995, Wiken 1996). 

The climate in this region consists of warm summers and cold winters with a mean 

annual temperature of about 4.5°C. The mean summer temperature for the region is 16°C 

and the mean winter temperature is -4°C. Mean annual precipitation ranges between 700 

and 900 mm and is fairly evenly distributed throughout the year. At least half of the 

precipitation occurs as snow between December and March and on average there are 222 

days with a mean temperature above 0°C. 

We chose sites on the Farmington loam soil series (Gillespie and Wicklund 1968), 

which occurs extensively on Ordovician limestone and occasionally sandstone across 

Eastern Ontario. The soils are predominantly loamy and are well drained with a soil depth 

of ~ 20 cm. The Farmington series is in the Brunisolic soil order and has a dark brown-

grey surface horizon, which grades into a reddish-brown B horizon. 

History of Study Area 

Colonization and establishment of agriculture in the region began around 1783 

(Gillespie et al. 1966, Osborne 1978). A lack of roads as well as the presence of the 

agriculturally unfavorable Canadian Shield to the North restricted initial settlement to the 

Limestone Plains on the edge of Lake Ontario (Osborne 1978). Currently, hay, oats, and 

to a lesser extent corn are the most common crops, which are primarily grown to support 

the livestock industry in the region (Gillespie et al. 1966). The population peaked in rural 
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areas around 1881 after which an ongoing pattern of abandonment of agricultural land 

began (Gillespie and Wicklund 1968, Osborne 1978).  

Site Identification and Description 

We used aerial photos for the region north of Kingston from 1925-30 (1:15 000), 

1953 (1:15 840), 1978 (1:10 000) and 1991 (1:30 000) (Map and Air Photo Collection at 

Queen’s University Library) to locate adjacent mature forests and agricultural fields that 

were being managed consistently in the same way for at least 50 and up to 75 years. 

Aerial photographs (as above) were used to define potential successional sites of forest 

regeneration that had been cleared for agriculture at some point and have since been 

abandoned and allowed to regenerate. Soil survey and topographic maps were used to 

identify the soil series and areas where the topography was relatively flat (Gillespie et al. 

1966, Gillespie and Wicklund 1968). Field visits were used to select suitable adjacent 

agricultural field and mature forest sites (n = 5) and successional sites (n = 16) on the 

Brunisol soil according to the following criteria: flat topography, well to moderately well 

drained soils, and minimal evidence of logging in the forest sites (App. 4, 5). Time since 

agricultural abandonment was estimated on the basis of the time series of aerial photos 

and was confirmed by landowners wherever possible. Three of the agricultural field sites 

were used to grow hay, which was cut once or twice per year. The two other agricultural 

fields were also used for hay, but crops such as corn and barley were grown every few 

years. A related research project for these sites has shown that total soil C and N are 

depleted in agricultural fields compared to mature forests and increase over time since 

agricultural abandonment (Foote and Grogan, in prep). 

Sampling Protocol and Sample Processing 
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Field sampling took place during July and August of 2006. Soil sampling at each 

site was done at regular intervals along straight line transects in a randomly chosen 

direction across the site staying at least 15 m from any edge and away from human 

modifications such as trails. Litterfall of senesced intact leaves or twigs resting loosely on 

the soil surface (e.g. the L layer of the forest floor) were lifted away prior to coring. In 

four of the mature forest sites however, an organic horizon of more decomposed material 

(e.g. the F and H layers) was present (average depth of FH = 1 cm) that was included in 

the cores.  

Net N mineralization and nitrification were measured in situ using the buried bag 

method (Hart et al. 1994). At five locations along the transect, a 5 cm diameter split corer 

(AMS Inc, American Falls, ID) was used to take a pair of cores to 10 cm depth. One core 

was stored in a cooler, taken back to the lab, and stored at 4°C until processing, which 

occurred within 48 hours of sample collection. The other core was placed in a 

polyethylene bag, sealed, and put back into the ground. Litter that was brushed away 

before taking the core was replaced on top. Initial sampling took place between July 4th 

and July 18th and buried bags were incubated in the ground for four to six weeks before 

being retrieved and taken back to the lab for processing. The sites were visited in a 

random order both during sampling and retrieval of incubated corers. In total we have 

data from 3-4 replicate buried bags per site for 13 successional sites, 5 agricultural field 

sites, and 2 mature forest sites due to some bag losses as a result of animal disturbance.  

All samples were weighed, sieved to 4 mm, and the remaining roots and stones 

were separated and weighed within 48 hours of sample collection. Soil samples (10 g 

fresh soil: 10 ml deionized water) from each site were analyzed for pH (AB15 pH meter; 
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Fisher Scientific, Pittsburgh, PA) (Thomas 1986). Soil moisture and bulk density were 

measured on initial cores, though results did not significantly differ between initial and 

final cores (data not shown). Soil microbial biomass C and N (MBC and MBN) contents 

in the initial cores were determined by the chloroform-fumigation direct-extraction 

technique (Brookes et al. 1985) using 10 g fresh mass of soil and 50 ml 0.5M K2SO4 for 

each extraction. Fumigation lasted 24 h in a darkened vacuum desiccator jar at ~21 °C. 

Non-fumigated, 10 g sub-samples from both initial and final cores were extracted 

immediately after sieving. All extract samples were shaken on a platform shaker (New 

Brunswick Scientific Co., Inc., Edison, NJ) for 1 hour in extractant, then filtered through 

a 1.2 µm pore-size glass fiber filter (Fisher Scientific, Pittsburgh, PA) and frozen until 

analysis. 

Temperature loggers (Onset Computer Corporation, Bourne, MA) were placed in 

an agricultural field, a successional site approximately 35 years since agricultural 

abandonment, and a mature forest from July 18th to August 24th, simultaneously with the 

buried bag experiment. Each logger had two thermistors recording temperature at 5 cm 

every 30 minutes. 

Chemical and Biological Analyses 

NH4
+-N and NO3

--N in the non-fumigated samples were determined 

colourimetrically, using automated flow analysis (Bran-Leubbe Autoanalyzer III, 

Norderstadt, Germany) and were analyzed using the indophenol and sulphanilamide 

methods, respectively. Total C and N contents in the fumigated and non-fumigated 

samples were determined by oxidative combustion and infrared (TOC) or 

chemiluminesence (TN) analysis (TOC-TN autoanalyzer, Shimadzu, Kyoto, Japan). 
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Microbial biomass C and N contents were calculated as the difference between fumigated 

and non-fumigated extractable C and N samples respectively and divided by correction 

factors to account for microbial C or N that is not susceptible to chloroform fumigation 

(KC = 0.35; KN = 0.54) (Brookes et al. 1985, Howarth and Paul 1994). Dissolved organic 

N (DON) was calculated as the difference between total N and amounts of inorganic N 

(NH4
+ plus NO3

–). Net N mineralization rates were calculated as the difference between 

the final and initial amounts of inorganic N (NH4
+ plus NO3

–) in the buried bag soils 

divided by the number of incubation days. Net nitrification rates were calculated as the 

difference between the final and initial NO3
– amounts divided by the number of 

incubation days. All C and N concentrations in the extracts were corrected for the dilution 

associated with the moisture content of each soil sample. 

Soil samples from the initial cores were then air-dried (3 days at 21°C) and sub-

samples were oven-dried and ground with a planetary ball mill (Retsch, Newtown, PA). 

Sub-samples of oven-dried, ground soil were analyzed for total soil C and N by 

combustion and elemental determination using infrared gas analysis and thermal 

conductivity respectively (CNS-2000 analyzer, LECO Corporation, St. Joseph, MI, 

USA).  

Statistical Analyses 

 All statistical analyses were conducted in JMP 6.0 (SAS Institute 2006; Cary, NC). 

We used paired t-tests to compare microbial biomass, N cycling rates, and extractable soil 

N between mature forests and adjacent agricultural fields. We used simple linear 

regression analyses to examine relationships between microbial biomass, net N 

mineralization and nitrification rates, and extractable soil N with time since agricultural 
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abandonment. These paired t-tests and regressions were done using the mean values for 

each site as the individual data points. In contrast, we used Pearson correlation analyses 

to investigate relationships between microbial biomass and N process rates with soil 

variables across all sampling locations (i.e. within and among sites). Transformations 

were used for all analyses if necessary to meet the assumptions of normality and 

homogeneity of variances. Nitrate, net N mineralization, and net nitrification rates were 

log transformed for all analyses. Microbial and total soil C and N pools were log 

transformed for the correlation analyses. 

Results  

Soil Dynamics Between Land-use Types 

Total soil C was significantly larger in mature forests relative to adjacent 

agricultural fields and total soil N showed a similar trend (Table 1). Mature forests also 

had significantly larger N concentrations within the soil microbial biomass relative to 

adjacent agricultural fields and the C concentration of the microbial biomass showed a 

very strong trend in the same direction (Table 1), resulting in no significant difference in 

the MBC:N ratio between land-uses (Table 1). We had estimates of net N mineralization 

and nitrification rates for two mature forest sites only (because of animal disturbance), so 

we were unable to compare land-use types. However, net N mineralization appeared to be 

higher in mature forests than in agricultural fields, while net nitrification was quite 

variable and a smaller proportion of net mineralization in mature forests compared to 

agricultural fields (Table 1). Agricultural fields tended to have higher NO3
- 

concentrations while mature forests tended to have higher concentrations of dissolved 

organic nitrogen (DON), but this was primarily due to high values in one mature forest 
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site (Table 1). Extractable NH4
+ was not influenced by land-use type (Table 1).  

Soil moisture content in mid-July was significantly higher in mature forests than 

agricultural fields (Table 1). We found a strong positive relationship between soil 

moisture and total soil C (R2 = 0.93, P < 0.0001), presumably due to enhanced water 

retention by organic matter. Land-use type did not significantly influence soil pH, though 

pH was slightly higher in agricultural fields (Table 1). 

Soil Dynamics Over Time Since Abandonment 

The concentrations of total soil C and N increased significantly over time since 

abandonment (Table 2). Likewise, microbial biomass N increased significantly when 

considered over the full chronosequence and microbial biomass C also tended to increase 

resulting in no change in the MBC:N ratio (Table 2, Figs. 1a, b). Overall, it appears that 

both MBN and MBC increased with time since agricultural abandonment for the first ~70 

years, and then declined before reaching constant values (Figs. 1a, b).  

Net N mineralization (i.e. production of NH4
+ and NO3

-) and nitrification rates did 

not change in a consistent pattern over time after agricultural abandonment (Table 2, 

Figs. 1c, d). Nitrification was a constant proportion (~96%) of mineralization over time 

(Table 2, Figs. 1c, d) strongly suggesting most mineralized N during mid-summer at each 

of the chronosequence sites was converted to nitrate. The amount of N mineralized per 

unit of total soil N tended to decrease over time (Table 2).  

Soil extractable ammonium (NH4
+) did not change consistently across the 

chronosequence (Table 2, Fig. 2a) and appeared similar to mature forest levels (Table 1). 

Nitrate decreased significantly across the chronosequence (Table 2). Nitrate was highest 

in the agricultural fields mainly because of two outliers (Fig. 2b) corresponding to a field 
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that was fertilized in the spring prior to sampling and a field used to grow clover. 

Nevertheless, although nitrate was low at below 1 ug g-1 in the majority of successional 

sites, (Fig. 2b) there was a significant decrease over time even when the agricultural field 

sites were excluded from the analysis (results not shown) (Fig. 2b). Dissolved organic 

nitrogen (DON) concentrations in mid-summer were ~6 and ~20 times larger than the 

NH4
+ and NO3

- respectively and did not change consistently across the full 

chronosequence (Table 2, Fig. 2c). Soil moisture did not change significantly across the 

full chronosequence (Table 2).  

Correlations 

Microbial biomass C and N were strongly and positively correlated with both total 

soil C and total soil N (Table 3, Fig. 3) and neither correlated with soil C:N (Table 3). 

Microbial biomass carbon was a constant proportion of total soil C (2.46% +/– 0.19%) 

over time and MBN was a constant proportion of total soil N (4.15% +/- 0.24) (Table 2). 

Net nitrification tended to be negatively correlated with total soil C and N (Table 

4). However, net rates were not significantly correlated with microbial biomass C or N 

(Table 4). Our results suggested strong relationships between nitrogen process rates and 

substrate pool sizes. Net N mineralization and nitrification were significantly and 

positively related to extractable NH4
+, while nitrification was significantly related to NO3

- 

(Table 4). Net N mineralization tended to be positively correlated with DON, which was 

also expected as DON production is often the rate limiting step in N mineralization 

(Table 4).  

Soil Temperature 

Mean daily soil temperature in the agricultural field was 4°C higher than the mature 
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forest and 2.5 °C higher than the successional site (Table 5) during mid-summer. The 

agricultural field and successional sites also experienced the largest mean daily highs and 

lows (a difference of ~6°C), compared to the mature forest site (a difference of ~3°C) 

(Table 5), presumably because of canopy shading and protection. 

Soil Bulk Density 

Land-use type significantly influenced bulk density in the top 10 cm of soil, mature 

forests having substantially lower bulk density than agricultural fields (Table 1). Soil 

bulk density also declined significantly over time since agricultural abandonment (Table 

2, Fig. 4). Therefore, a larger mass of soil is being considered in agricultural fields 

compared to sites later in succession or mature forests when variables are expressed on an 

aerial basis. Accordingly, all statistical analyses were conducted using concentrations per 

g of soil, although the general pattern of statistical results was similar when the data were 

analyzed on an aerial basis (results not shown). 

Discussion 

We characterized two patterns of microbial dynamics following agricultural 

abandonment and natural regeneration of mixed-deciduous forests in southeastern 

Ontario. First, soil microbial biomass was lower in agricultural fields and increased over 

time since agricultural abandonment (Fig. 1c, d) and was highly correlated with total soil 

C and N (which also increased over time) (Table 4, Fig. 3). Our results support our initial 

hypothesis and suggest that soil microbial growth during succession was limited by C 

supply. Second, net N mineralization and nitrification rates did not increase over time 

(Fig. 1a, b), though net N mineralization appeared to be higher in the two mature forest 

sites compared to the agricultural fields (Table 1). We expected increased plant inputs to 
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also result in an increase in net N mineralization over time, in particular given that our 

results suggest microbial growth is C limited. Studies on microbial dynamics over a full 

chronosequence of forest succession are rare, but necessary to understand soil carbon 

accumulation as mediated by microbial decomposition and net N mineralization, which 

supplies inorganic N to the increasing plant biomass.  

Microbial Biomass  

In our study, soil microbial biomass C and N increased over time since agricultural 

abandonment towards a peak around 70 years followed by a decline to a lower constant 

level. In Western Minnesota, microbial biomass also increased over 30 years and then 

reached an asymptote along a 60-year forest chronosequence, though microbial biomass 

and total soil C were highly correlated across all sites including native forests (Zak et al. 

1990). Microbial biomass was also correlated to total soil C across the full 

chronosequence in our study. The pattern we found was similar to the expected pattern of 

NPP, which peaks during mid-succession (Odum 1969, Chapin et al. 2002). The decline 

in litter quality that occurs throughout succession (Hughes and Fahey 1994, Knops and 

Tilman 2000) could have also contributed to the pattern in our study and there was also a 

strong correlation between total soil N and microbial biomass. Our results suggest that 

the soil microbial biomass remains C limited even at late successional stages, although 

direct experimental tests would be valuable in determining limitations to microbial 

growth over succession.    

Soil Net Nitrogen Transformations  

The mean rate of net N mineralization was 0.81 g m-2 month-1 across all 

successional sites and 1.8 g m-2 month-1 in the two mature forest sites, which are within 
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the range of other reported values for temperate forests (Bohlen et al. 2001, Goodale and 

Aber 2001, Fisk et al. 2002). The pattern of net nitrification rates over the 

chronosequence was almost identical to that of net N mineralization indicating that 

almost 100% of mineralized N was nitrified. It is not uncommon for studies to report high 

proportions of mineralized N subsequently nitrified in both secondary and mature 

temperate forests of northeastern North America (Zak et al. 1990, Fisk and Fahey 2001, 

Goodale and Aber 2001). The buried bag technique, which is commonly used as an index 

of mineralization and nitrification, excludes plant uptake and leaching, both of which 

may contribute to a higher proportion of nitrification than may actually occur in these 

systems.  

Net N mineralization rates are predicted to increase following agricultural 

abandonment associated with increasing plant inputs and soil C and N (Vitousek et al. 

1989). Net N mineralization is influenced by soil temperature, moisture, texture, and the 

quality and quantity plant inputs (Chapin et al. 2002). Climate is similar across our study 

region and all sites were from the same soil series, which should result in minimal 

textural differences. Net N mineralization and nitrification rates did not increase 

significantly over our chronosequence, despite increasing total soil C and N. No changes 

in either potential or in situ net N mineralization and nitrification rates were found during 

the first couple of decades following agricultural abandonment (Robertson and Vitousek 

1981, Christensen and Macaller 1985, Compton et al. 1998). Zak et al. (1990) observed 

linear increases in potential net N mineralization and nitrification with soils incubated at 

field moisture capacity in their study of the first 60 years of succession. Our mid-summer 

in situ rates were very similar in magnitude. Together these results suggest that net N 



 

 62 

mineralization and nitrification rates in older successional soils may be more strongly 

moisture limited. Nevertheless, our results clearly demonstrate that in situ mid-summer 

rates of net N mineralization and nitrification were similar throughout the 100-year 

chronosequence. Therefore, during this period at least, N supply rates into the plant 

available pool were similar across an entire successional sequence.  

 Agriculture depletes soil C by an average of 25 to 35%, but losses much larger and 

smaller than these averages also occur (Murty et al. 2002). Total soil C and N were 

estimated to be 89% and 75% lower respectively than adjacent undisturbed habitats at the 

time of abandonment in the Minnesota study (Zak et al. 1990, Knops and Tilman 2000). 

In contrast, total soil C and N in agricultural fields were estimated to be 32% and 18% 

lower respectively than adjacent mature forests in soils from our study (Foote and Grogan 

in prep). Ecological succession began on very nutrient poor soils in the studies from 

Minnesota and net N mineralization and nitrification rates increased over time (Zak et al. 

1990). The authors suggest this may explain slow rates of vegetation development 

(Inouye et al. 1987, Tilman 1987), for example, woody species are rare even in the 60-

year old chronosequence site (Inouye et al. 1987, Tilman 1987). In contrast, woody 

species were common after 60-years of succession in our study and were the dominant 

vegetation after 70 or 80 years. Therefore, it is possible that changes in net N 

mineralization and nitrification rates over succession may depend on relative soil fertility 

at the time of abandonment, which may also influence rates of vegetation succession. 

Soil Inorganic Nitrogen 

Soil inorganic N levels were low across the chronosequence and nitrate generally 

decreased over time since abandonment. Plant uptake or losses through leaching or 
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denitrification must have increased over time to account for a decrease in the nitrate pool 

while nitrate production remained unchanged. This is consistent with predictions from 

successional theory that plant uptake should keep soil inorganic N pools low, leading to 

minimal leaching losses from successional ecosystems (Gorham et al. 1979). Research 

also indicates that ecosystem N retention is high during succession (Vitousek 1977, Pardo 

et al. 1995).   

Nitrogen Dynamics Within the Chronosequence 

Net N mineralization and nitrification rates over the first 100-years of succession 

did not follow the consistent patterns we expected. Rates of both processes declined 

following abandonment and remained low for the first 30 years of succession (Fig. 1c, d), 

corresponding to declines in both NH4
+ and NO3

- (Fig. 2a, b). By contrast, microbial 

biomass increased over the same period presumably due to increased plant inputs from 

the developing vegetation. Microbial biomass N also tended to increase at this time, 

which along with declining soil inorganic N and net N rates, suggests that a larger 

proportion of the gross N mineralized was immobilized early in succession. In contrast, 

microbial biomass C and N declined, reaching stable levels by ~85 years, which may 

have been associated with lower plant inputs and a decline in litter quality. Net N 

mineralization and nitrification rates as well as NH4
+and DON decreased after this point, 

but must have recovered to reach levels typical of the mature forests (Table 1). These 

patterns within our chronosequence imply dynamic net N mineralization and nitrification 

rates during succession, which were influenced by changes in microbial growth and plant 

inputs. 

Soil Nitrogen Availability: Implications for Plant Uptake 
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Successional theory predicts that as NPP increases from early to mid-succession, 

element outputs (e.g. N) from the system decrease, as a result of plant demand (Gorham 

et al. 1979). Our results suggest that an increased plant demand for N is not met by 

increased net N mineralization or nitrification rates. One possibility is that some plants 

are able to use DON and perhaps DON uptake by plants increases over succession as the 

vegetation changes. Recent evidence suggests that some plants use DON, though the 

importance of this in temperate ecosystems remains unclear (Schimel and Bennett 2004). 

Additionally, wet deposition of N in this region is ~0.4-0.5 g N m-2 yr-1 and thus total N 

deposition would be even higher (wet + dry). As a result, anthropogenic N deposition is a 

substantial N input to ecosystems in this region if compared to our monthly estimate of 

net N mineralization during mid-summer and therefore may also be an important source 

of N for the developing vegetation. Overall, plants may rely on sources of N other than 

net N mineralization and nitrification to support increases in net primary production and 

biomass that occur during succession.  

In a study in New Hampshire, nitrogen availability decreased over 75-years after 

agricultural abandonment as indicated by declining stream nitrate concentrations and the 

ratio of the natural abundance of N isotopes (McLauchlan et al. 2007). These indices of N 

availability encompass the supply of N to both plants and microbes and a decline in N 

availability is associated with a decrease in nitrification. As a result, the patterns found in 

the above study could be the result of increased plant demand for N resulting in 

competition between plants and nitrifiers. Declining N availability could also be 

attributed to increased microbial N immobilization as soil C and soil C:N increase 

(McLauchlan et al. 2007). Overall, because this decline in N availability following 
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abandonment could be due to changes in either plant uptake or microbial immobilization, 

it does not necessarily conflict with the results from our study showing no change in net 

N mineralization. 

Conclusions 

 We demonstrated patterns of soil microbial growth and N transformations in our 

study of abandoned agricultural lands in southeastern, Ontario. Soil microbial biomass 

increased following abandonment and our results suggest that microbial growth is C 

limited throughout succession. Overall, increasing plant productivity during succession 

appears to be important in influencing microbial growth and accumulation of C in 

abandoned soils in this region. Our mid-summer in situ net N mineralization and 

nitrification rates did not change consistently over our 100-year chronosequence. 

Therefore, N supply rates into the plant available pool were similar across an entire 

successional sequence. Our rates of net N mineralization indicate that anthropogenic N 

deposition in this region is a substantial N input and therefore has the potential to 

influence plant productivity and ecosystem C storage during the course of successional 

development.  



 

 66 

Tables

Table 1. Soil properties in adjacent pairs of mature forests and agricultural fields in mid-
summer on a Brunisol soil in southeastern Ontario, Canada. Means to 10 cm depth (n = 5, 
except for net N cycling rates in forests where n = 2) are indicated alongside standard 
errors (in parentheses), followed by paired t-test results.  
 
 

Soil Property Field Forest t ratio P value 
     
Total C (%) 2.56 (0.41) 7.00 (1.75) 3.2 0.03 

Total N (%) 0.21 (0.04) 0.44 (0.14) 2.0 0.1 
     
MBC (mg/g) 0.73 (0.27) 1.78 (0.44) 2.0 0.08 

MBN (mg/g) 0.07 (0.02) 0.19 (0.05) 2.4 0.04 

MBC:N 9.23 (1.23) 9.99 (4.03) 0.4 0.7 
     
Net N mineralization (ug g-1 d-1) 0.55 (0.22) 1.32 (0.56)   

Net Nitrification (ug g-1 d-1) 0.58 (0.22) 0.58 (0.57)   

Net Nitrification:N mineralization 1.02 (0.05) 0.36 (0.34)   
     
NH4

+- N (ug/g) 2.24 (0.39) 2.60 (0.76) 0.4 0.7 

NO3
-- N (ug/g) 5.6 (2.4) 2.3 (1.4) 1.7 0.1 

DON (ug/g) 7.19 (1.62) 14.52 (3.78) 1.8 0.1 
     
Soil moisture (g/g) 0.22 (0.03) 0.45 (0.10) 2.3 0.05 

pH 5.98 (0.44) 5.48 (0.48) 0.8 0.5 

Bulk Density (g/cm3) 1.04 (0.05) 0.62 (0.07) 4.7 0.002 
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Table 2. Simple linear regression results for soil properties in relation to time since agricultural abandonment (years). Regression 
results include all field and successional sites, but not mature forests. All ratios were calculated using per gram dry mass of soil. 
Regression equations are indicated where they were statistically significant. 
 

Soil Property d.f. F ratio P value R2 Equation 
      
Total C (%) 20 11.4 0.003 0.38 0.022x + 2.65 

Total N (%) 20 4.3 0.05 0.18 0.001x + 0.21 
      
MBC (mg/g) 20 1.7 0.2 0.08  

MBN (mg/g) 20 9.3 0.007 0.33 0.0006x + 0.078 

MBC:N 20 0.7 0.4 0.04  

MBC:Total C 20 0.2 0.6 0.01  

MBN:Total N 20 1.4 0.3 0.07  
      

Net N mineralization (ug g-1 d-1) 17 0.2 0.6 0.01  

Net Nitrification (ug g-1 d-1) 17 0.5 0.5 0.03  

Net Nitrification:Net N mineralization 17 0.002 0.96 0.001  

Net N mineralization:Total N 17 2.0 0.2 0.11  

      

NH4
+- N (ug/g) 20 0.5 0.5 0.02  

NO3
-- N (ug/g) 20 18.5 0.0004 0.49 -0.018x + 1.59 

DON (ug/g) 20 0.3 0.6 0.01  
      
Soil Moisture 20 1.2 0.3 0.06  

Bulk density (g/cm3) 20 8.5 0.009 0.31 -0.002x + 0.94 
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Table 3. Parametric correlation coefficients for microbial biomass with total soil carbon 
(C) and nitrogen (N) (n = 95). Correlations include replicates from all field and 
successional sites, but not from mature forest sites. 

 

Soil Property Soil C Soil N Soil C:N MBN 
     
MBC      0.73***      0.73***  0.12      0.90*** 
MBN      0.73***      0.70***    0.23*   

      *** P < 0.0001 
        ** P < 0.001 
          * P < 0.05 
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Table 4. Parametric correlation coefficients for net N mineralization and nitrification rates (ug g-1 d-1) with soil total carbon (C) and 
nitrogen (N), microbial biomass carbon and nitrogen (mg/g), extractable soil nitrogen (ug/g), and dissolved organic nitrogen (ug/g) (n 
= 58). Correlations include replicates from all field and successional sites, but not from mature forest site. 
 
 

Soil Property Soil C Soil N Soil C:N MBC MBN NH4
+ NO3 - DON 

         
Net N Mineralization -0.15 -0.16 -0.02 0.2  0.05   0.41** 0.13  0.24* 
Net Nitrification  -0.22x  -0.22x -0.01 0.14 0.001    0.51***   0.38** 0.20 

    *** P < 0.0001 
      ** P < 0.01 
        * P < 0.05 
       

  x P < 0.10 
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Table 5. Diel mean, high, and low temperatures at 5 cm soil depth in an agricultural field, 
a 35-year old successional site, and a mature forest during the buried bag incubation from 
July 18th to August 24th 2006. Means (n = 2 probes) over the sampling period are 
indicated alongside standard errors (in parentheses). 

 

Variable Field Successional Forest 
Mean 21.3 (0.4) 18.6 (0.5) 17.1 (0.3) 
High 24.9 (0.5) 21.9 (0.5) 18.4 (0.3) 
Low 18.4 (0.4) 16.1 (0.6) 15.7 (0.3) 
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Figures 

 

Figure 1. a) Microbial biomass carbon (a), microbial biomass nitrogen (b), mean mid-
summer net N mineralization (c), and net nitrification (d) over time since agricultural 
abandonment on a common Brunisol soil in southeastern Ontario. Values are means for 
each site (n = 5, bars = +/– 1 SE). Animal disturbance in the mature forests restricted our 
data for net mineralization and nitrification to two sites. Grey circles represent 
agricultural field sites fertilized and planted with clover the spring prior to sampling. 
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Figure 2. Soil extractable ammonium (a), nitrate (b), and dissolved organic nitrogen (c) 
over time since agricultural abandonment. Values are means for each site (n = 5, bars = 
+/- 1 SE). Grey circles represent agricultural field sites fertilized and planted with clover 
the spring prior to sampling. 
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Figure 3. Plot-level relationships for microbial biomass carbon (a) and microbial biomass 
nitrogen (b) with total soil carbon including all replicates from agricultural field and 
successional sites, but not mature forests (n = 95). 
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Figure 4. Soil bulk density over time since agricultural abandonment. Values represent 
means (n = 5, bars = +/- 1 SE) for each site. Grey circles represent agricultural field sites 
fertilized and planted with clover the spring prior to sampling. 
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CHAPTER 4:  GENERAL DISCUSSION 

There has been widespread abandonment of agricultural lands in many regions 

globally over the past one to two centuries and abandonment is projected to continue in 

the future. Recovery of soil C, which is often depleted in agricultural fields, may be a 

significant C sink. In these two studies we have examined the potential and controls on C 

sequestration in abandoned agricultural lands as well as the complexities of soil C and N 

cycling during succession.   

Our results showed similar depletion of soil C in agricultural fields compared to 

adjacent mature forests across three soil types in southeastern Ontario. Similarly, the 

three soil types accumulated C at the same rate following agricultural abandonment. We 

suggest that soil type may not be an important control on C sequestration in abandoned 

agricultural lands despite differences in geology, drainage, and texture among our soils. 

Overall, these results contribute to our ability to predict the magnitude of soil C 

sequestration. However, further research to determine when soil type may be a key 

control on soil C dynamics would aid in predicting soil C sequestration at a larger scale. 

For instance, stabilization of organic matter with aluminum or other cations may be a 

more important influence on soil C than texture. Finally, research on other large scale 

controls on soil C accumulation in abandoned agricultural lands, such as vegetation or 

climate, would also contribute to estimating the size of this C sink.  

Interestingly, the majority of C accumulation across the Brunisol soil occurred in 

pools with relatively slow turnover times. Free-light fraction C accounted for about 10% 

of total soil C and this proportion did not change over the chronosequence. Therefore, the 

depletion and recovery of free-light fraction C occurred in proportion to total soil C.  
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These results suggest that most of the C accumulating in abandoned agricultural lands is 

in stable C pools and therefore represent a sink with a high degree of permanence. Our 

results are similar to those from other studies, where C accumulation occurred mostly in 

recalcitrant pools during the first few decades of agricultural abandonment (DeGryze et 

al. 2004, McLauchlan et al. 2006). However, further research into how these pools 

respond to future disturbances such as fire, logging, or climate change is necessary if soil 

C sequestration is to contribute to mitigating climate change.  

Soil microbial biomass increased over our 100-year chronosequence on the 

Brunisol, while net N mineralization rates during the mid-summer period showed no 

consistent pattern with time since abandonment. Soil microbial biomass was also highly 

related to total soil C and N and thus followed predictable patterns over succession. 

Long-term studies on microbial dynamics over succession, such as this one, are rare. 

While we were able to describe interesting patterns of microbial growth and N 

transformations over time, the ability to relate these patterns more directly to changes in 

both the quality and quantity of plant inputs over succession would be valuable.  

In these studies we quantified the potential and rates of carbon sequestration 

across this climatic region and investigated mechanisms of soil carbon sequestration. Our 

results aid in predicting the magnitude of C sequestration in abandoned agricultural land 

at a larger scale. However, there are still several research gaps that need to be addressed 

in order to accurately predict soil C sequestration. These include the influence of other 

large-scale controls, the sensitivity of soil C pools to future disturbances and climatic 

changes, and a better understanding of the controls on microbial dynamics over 

succession. Modelling is a widespread and useful tool for predicting changes in soil C 
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following land-use change, especially given the difficulty of measuring small changes in 

a large soil C pool and the time and energy involved to maintain monitoring. The results 

from both of these studies may be useful for future modelling work, which requires both 

a mechanistic understanding of C cycling as well as data for calibration. Overall, 

although there are numerous uncertainties when it comes to predicting soil C and N 

dynamics, these two studies enhance our knowledge of how land-use change influences 

soil C as well as our understanding of patterns and mechanisms of belowground changes 

during ecological succession. 
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APPENDIX 1. Soil inorganic carbon and calcium carbonate (CaCO3) contents as the 
percentages of soil dry weight. Inorganic carbon was calculated by multiplying the 
weight loss due to CO2 by 0.2727 and calcium carbonate was calculated by multiplying 
by 2.274 (Loeppert and Suarez 1996). Negative values result from greater weight loss 
from acid blanks than from the soil sample. Values represent means (n = 5). 
 

Soil Type Depth % C % CaCO3 
    
Podzol 0 to 5 cm 0.05 0.11 
 5 to 10 cm 0.02 0.06 
 10 to 20 cm 0.01 0.03 
    
Brunisol 0 to 5 cm -0.04 -0.10 
 5 to 10 cm 0.07 0.15 
 10 to 20 cm -0.06 -0.14 
    
Luvisol 0 to 5 cm 0.08 0.17 
 5 to 10 cm 0.11 0.25 
  10 to 20 cm 0.08 0.17 
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APPENDIX 2. Analysis of covariance models of carbon and nitrogen content to constant mass of 78 kg/m2, which is approximately 
equivalent to 10 cm in agricultural fields. Comparisons of carbon and nitrogen are made among soil types, over time since agricultural 
abandonment (covariate), and their interaction. The degrees of freedom for the test of each model component are given. Significant 
effects and interactions (P < 0.05) are shown in bold. 
 

Variable   Model effect d.f. F ratio P value Response 
Carbon       
 0 to 10 cm Soil type 2,45 4.5 0.02 Luvisol significantly higher than the other two 
  Time 1,45 28.3 <0.0001  
  Soil type*Time 2,45 0.3 0.7  
Nitrogen       
 0 to 10 cm Soil type 2,45 7.0 0.002 Luvisol significantly higher than the other two 
  Time 1,45 14.4 0.0004  
    Soil type*Time 2,45 0.1 0.9   
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APPENDIX 3. Simple linear regressions between carbon or nitrogen contents to a constant mass of 78 kg/m2 (approximately 
equivalent to 10 cm in agricultural fields) and time since agricultural abandonment for each soil type. 
 

Variable   Soil Type F ratio P value R2 Equation 
Carbon       
 0 to 10 cm Podzol 10.6 0.007 0.47 0.0111x + 2.12 
  Brunisol 11.9 0.003 0.39 0.0163x + 2.02 
  Luvisol 13.4 0.003 0.51 0.0163x + 2.51 
Nitrogen       
 0 to 10 cm Podzol 6.2 0.03 0.32 0.00092x + 0.12 
  Brunisol 5.0 0.04 0.21 0.00082x + 0.16 
    Luvisol 9.2 0.01 0.41 0.00097x + 0.21 
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APPENDIX 4. Site information for mature forests, adjacent agricultural fields, and 
successional sites on each of the three soil types including soil type information, site 
ages, and GPS coordinates.  
 
 

Site  
 

Soil Series Soil Order Year 
Abandoned 

Age in 
2006 

GPS coordinates of 
sites 

Forests and Fields     
 10 Monteagle Podzol - > 150 381709 E, 4926572 N 

 11 Monteagle Podzol - > 150 391982 E, 4942642 N 

 12 Monteagle Podzol - > 150 387683 E, 4938718 N 

 14 Monteagle Podzol - > 150 365724 E, 4928814 N 

 16 Monteagle Podzol - > 150 368769 E, 4948872 N 

 1 Farmington Brunisol - > 150 401614 E, 4947673 N 

 4 Farmington Brunisol - > 150 403061 E, 4949112 N 

 5 Farmington Brunisol - > 150 402964 E, 494002 N 

 7 Farmington Brunisol - > 150 398306E, 4940253 N 

 8 Farmington Brunisol - > 150 398950E, 4940034 N 

 2 Lansdowne Luvisol - > 150 388018 E, 4894672 N 

 3 Lansdowne Luvisol - > 150 396452 E, 4897112 N 

 6 Lansdowne Luvisol - > 150 391121 E, 4891618 N 

 9 Lansdowne Luvisol - > 150 405516 E, 4898289 N 

 15 Lansdowne Luvisol - > 150 385504 E, 4896459 N 

Successional     
 B11 Monteagle Podzol 1940 66 392893 E, 4944083 N 

 B20 Monteagle Podzol 1960 46 394001 E, 4943473 N 

 B21 Monteagle Podzol 1930 76  

 B22 Monteagle Podzol 1957 49  

 B25 Monteagle Podzol 1960 46 391035 E, 4942573 N 

 B7 Monteagle Podzol 1940 66 394321 E, 4943549 N 

 B9 Monteagle Podzol 1950 56 393016 E, 4943416 N 

 D10 Monteagle Podzol 1991 15  

 D8 Monteagle Podzol 1945 61 389649 E, 4935745 N 

 K1 Monteagle Podzol 1945 61 380948 E, 4925432 N 

 B13 Farmington Brunisol 1950 56 391591 E, 4943954 N 

 B29 Farmington Brunisol 1975 31 389247 E, 4945151 N 

 C1 Farmington Brunisol 1970 36 398365 E, 4940624 N 

 C11 Farmington Brunisol 1940 66 399501 E, 4948161 N 

 C12 Farmington Brunisol 1930 76 400488 E, 4949261 N 

 C20 Farmington Brunisol 1930 76 399945 E, 4941052 N 

 C28 Farmington Brunisol 1960 46 402246 E, 4939336 N 

 C29 Farmington Brunisol 1960 46 402169 E, 4938799 N 

 C32 Farmington Brunisol 1960 46 402496 E, 4938594 N 

 C35 Farmington Brunisol 1960 46 402452 E, 4939525 N 

 C36-1 Farmington Brunisol 2003 3 402169 E, 4938767 N 

 C36-2 Farmington Brunisol 1990 16 402146 E, 4938747 N 
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APPENDIX 4. Continued 
 

Site 
 

Soil Series Soil Order Year 
Abandoned 

Age in 
2006 

GPS coordinates of 
sites 

C4 Farmington Brunisol 1920 86 399402 E, 4940962 N 
C42 Farmington Brunisol 1950 56 404971 E, 4942836 N 
I6 Farmington Brunisol 1910 96 367760 E, 4919473 N 
I7 Farmington Brunisol 1910 96 368365 E, 4919507 N 
M6 Lansdowne Luvisol 1960 46 397149 E, 4901218 N 
M8 Lansdowne Luvisol 1930 76 397101 E, 4903253 N 
M9 Lansdowne Luvisol 1930 76 398006 E, 4902728 N 
N2 Lansdowne Luvisol 1960 46 397819 E, 4902650 N 
N3 Lansdowne Luvisol 1950 56 398750 E, 4902992 N 
N4 Lansdowne Luvisol 1950 56 398764 E, 4902912 N 

W20 Lansdowne Luvisol 1940 66  

W21 Lansdowne Luvisol 1940 66 399689 E, 4897815 N 
W22 Lansdowne Luvisol 1940 66 399546 E, 4898048 N 
W8 Lansdowne Luvisol 1930 76  
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APPENDIX 5. Site information for mature forests, adjacent agricultural fields, and 
successional sites on each of the three soil types including site location information, and 
names and addresses of landowners where available. 
 
Site 
 

General Site Location Landowner 
Name Address/Phone # of Owners 

Forests and Fields   
10 Hwy 10 at Opinicon Phil Roebuck 1041 Shales Road, 353-6922 
11 Hutchings Rd L.J Hutchings 21 Gibson Rd 
12 Hwy 10 before Hutchings Rd Peter Brown 33 Tutt Lane, pbrown@mevex.com 
14 Hwy 38 after  Verona Mr. Bell 7004 Hwy 38 

16 Hwy 38 north of Verona Fran and Ugo 
Morsani 141 Bradshaw Road, 375-7392 

1 Hwy 15 after Hwy 42 intersection Roy Matice's 
brother 3828 Big Rideau Lake Road 

4 Big Rideau Lake Rd off Hwy 15 Ruth Cove Road 
5 Big Rideau Lake Rd off Hwy 15 Mr. Chant 2736 Hwy 15 
7 Opinicon Rd Wayne Kerr 839 Opinicon Lake Rd 
8 Opinicon Rd Wayne Kerr 839 Opinicon Lake Rd 
2 Corner of 8th Line Rd and Baseline Rd Mr. Kane 172 8th Line Rd, 385-2821 

3 Holiday Point Rd, off Hwy 96  Cottage end of Helen's Rd, off Holiday Point 
Rd 

6 Corner of Carpenter Point Rd & 9th Line 
Road 

River front golf 
course Corner of Carpenter Point Rd & 9th Line Road 

9 Fox Run Lane at end of Hwy 96  Large cottage off of Fox Run Lane 
15 Ferguson Lane, off Hwy 96 S. Bayne 127 Ferguson Lane, 385-2640 

Successional   

B11 Hutchings Rd Tim 
House at site on Hutchings Rd, next to QUBS 
land 

B20 Hutchings Rd QUBS Bracken Tract 
B21 Hutchings Rd Hutchings 549-2864 (Kingston #) 
B22 Hutchings Rd Jim Janeway #27 Concession 8 Hutchings Rd 
B25 Hutchings Rd Hutchings 549-2864 (Kingston #) 
B7 Hutchings Rd Anne Dunn Detroit # 734-428-7341 
B9 Hutchings Rd QUBS Bracken Tract 

D10 Massassaga Rd off Hwy 10 QUBS Massassaga Tract 
D8 Massassaga Rd off Hwy 10 QUBS Massassaga Tract 

K1 Hwy 10 just before Opinicon Rd Barb and Joe 
Percy 5507 Opinicon Rd, 353-2114, 353-6130 

B13 Hutchings Rd   
B29 8 Concession off Hutchings Rd Kroziers 8 Concession 
C1 Opinicon Rd Wayne Kerr 839 Opinicon Lake Rd 
C11 Mcann Rd off Narrows Lock Rd Unsure of name 544 Narrows Lock Road 
C12 Mcann Rd off Narrows Lock Rd Roy Matyce  3828 Big Rideau Lake Road 
C20 Opinicon Rd Stanton - absentee owner last 20 years 

C28 Just off Hwy 15 near Elgin Ted and Cora 
Backer Smith Falls, 283-5542 

C29 Just off Hwy 15 near Elgin Ted and Cora 
Backer Smith Falls, 283-5542 

C32 Just off Hwy 15 near Elgin Ted and Cora 
Backer Smith Falls, 283-5542 
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APPENDIX 5. Continued 
 

Site 
 

General Site Location Landowner 
Name Address/Phone # of Owners 

C35 Just off Hwy 15 near Elgin Ted and Cora 
Backer Smith Falls, 283-5542 

C36-1 Just off Hwy 15 near Elgin Paul Schliesmann 122 Bush Road 
C36-2 Just off Hwy 15 near Elgin Paul Schliesmann 122 Bush Road 
C42 Hwy 8 just past Elgin Musturd's Hwy 8 next to site 
I6 Just off Hwy 38 near Harrowsmith Norburgs/Myers Hwy 5, near Harrowsmith 
I7 Just off Hwy 38 near Harrowsmith Norburgs Hwy 5, near Harrowsmith 

M6 Corner of S Shore and Lower SD Rd, Howe Island House on corner of N Shore and Lower SD 
Rd 

M8 Lower SD Rd, Howe Island  
House on corner of N Shore and Lower SD 
Rd 

M9 Lower SD Rd, Howe Island  
House on corner of S Shore and Lower SD 
Rd 

N2 S Shore Rd, Howe Island Raymond Welsh Florida,  772-466-7161 
N3 S Shore Rd, Howe Island Raymond Welsh Florida,  772-466-7161 
N4 S Shore Rd, Howe Island Raymond Welsh Florida,  772-466-7161 

W20 Hogan Rd off Hwy 96, Wolfe Island Macdonald's 1726 Hwy 96 

W21 17th Line Rd off Hwy 96, Wolfe 
Island Macdonald's 1726 Hwy 96 

W22 17th Line Rd off Hwy 96, Wolfe 
Island Macdonald's 1726 Hwy 96 

W8 8th Line Rd off Hwy 96, Wolfe Island Unsure of name  86 8th Line Road 
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