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As the largest terrestrial carbon pool, changes in soil carbon pools in response to climate change 

or management practices have the potential to significantly impact atmospheric CO2 

concentrations. This dissertation examines the effects of climate change and two management 

strategies on soil carbon pools in order to understand how soil carbon storage might change 

under these conditions. Changes in soil carbon concentrations were studied in a Danish 

heath/grassland exposed to elevated CO2, summer drought, and warming. Soil carbon was 

observed to increase significantly over the course of 8 years in the presence of elevated CO2, 

regardless of the addition of warming or drought treatments. Soil carbon pools at this site are 

therefore likely to serve as a negative feedback to increasing atmospheric CO2 concentrations. To 



 

examine how management strategies could take advantage of the potential for soils to be used as 

a carbon sequestration tool, this dissertation also investigated the effects of two types of 

management practices on soil carbon dynamics. In a Pacific Northwest Douglas-fir stand, deep 

soil carbon storage was shown to increase when competing vegetation was not controlled, 

presumably due to deeper Douglas-fir rooting in response to competition for more shallow soil 

moisture reserves. In an incubation study, applying olivine with the goal of increasing soil pH 

and capturing CO2 resulted in decreased decomposition of organic matter compared to the 

application of agricultural lime. There was no difference in CO2 flux between the olivine 

amended and control samples, whereas the CO2 flux from the limed samples was 221% higher 

than the control. The application of olivine also increased soil pH to a level sufficient to 

overcome aluminum toxicity. The use of olivine as an alternative to lime would therefore 

significantly reduce agricultural CO2 emissions. The results of this dissertation suggest that not 

only is there potential for increasing soil carbon stocks to serve as a negative feedback to rising 

atmospheric CO2 concentrations, but that an opportunity also exists to design management 

practices that utilize soils as a climate change mitigation tool. 
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Chapter 1. INTRODUCTION  

Continually increasing anthropogenic CO2 emissions have elevated atmospheric 

concentrations far above the level at which it is possible to maintain climatic conditions 

comparable to those to which human civilization and present day ecosystems are adapted 

(Hansen et al., 2008). Current atmospheric CO2 concentrations are predicted to result in drastic 

changes in climate across the globe, with far reaching implications for vulnerable populations, 

ecosystems, and food security. Soils comprise the largest terrestrial carbon pool, containing more 

carbon than both the atmosphere and terrestrial biomass combined (Eswaran et al., 1993; 

Sundquist, 1993; Jobbagy and Jackson, 2000; Rustad et al., 2000; Scharlemann et al., 2014). As 

such, the effects of climate change and management practices on soil carbon pools have the 

potential to significantly impact atmospheric CO2 concentrations. As concentrations continue to 

rise, the need to improve our understanding of the role that soil carbon plays in the global carbon 

cycle and how we can manipulate natural processes to increase soil carbon storage is becoming 

increasingly urgent. In order to develop accurate predictions of future climatic changes, it will be 

necessary to determine the direction of soil carbon feedbacks to increasing atmospheric CO2 

concentrations. Such predictions are critical to the development of effective management 

strategies to improve resilience and mitigate climate change.  

Soil organic carbon content is controlled by the balance between the rate of accumulation 

through plant inputs and microbial decomposition of soil organic matter (Kirschbaum, 2000; 

Pendall et al., 2004). The effects of climate change and elevated CO2 are likely to impact both of 

these processes. The direction of the balance between these two impacts will determine if soils 
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will serve as a positive or negative feedback to increasing atmospheric CO2 levels (Kirschbaum, 

2000).  

Land management, another common driver of changes in soil organic matter, has often been 

proposed as a mechanism for sequestering carbon (Post and Kwon, 2000). Both agriculture and 

forestry have been shown to induce changes in soil organic matter (Johnson and Curtis, 2001; 

Guo and Gifford, 2002), and careful implementation of management practices to maximize soil 

carbon storage will likely play a key role in counteracting increased atmospheric CO2 

concentrations.  

 Though management aimed at increasing soil organic matter is the most conventional method 

of using soils as a tool to sequester carbon, there has recently been increased interest in using 

soils to enhance mineral weathering, thereby creating a sink for inorganic carbon (Schuiling and 

Krijgsman, 2006; Köhler et al., 2010; Renforth, 2012; Hartmann et al., 2013). The weathering of 

silicate minerals naturally consumes CO2, and the rate at which this process occurs could be 

enhanced by grinding silicate minerals to increase their surface area then applying them to acidic 

soils. As the weathering of these minerals in the soil environment may also increase soil pH, 

silicate minerals could therefore be used as a replacement for agricultural lime (Soldal, 2015). 

However, proponents of this method have failed to consider that increasing pH can also increase 

decomposition rates (Neale et al., 1997; Kemmitt et al., 2006), rendering it necessary to evaluate 

the effects of silicate mineral applications on soil organic matter in addition to assessing the 

amount of inorganic carbon this process has the potential to sequester.  

 The purpose of this research is to investigate the role that soil carbon pools and management 

of them play in the global carbon cycle’s response to increasing CO2 emissions. To address these 

questions in part, this dissertation examines the effects of a multi-factor climate change 
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experiment on soil carbon in a Danish heathland and the impacts of two management strategies 

on soil carbon. This dissertation is divided into three chapters, aimed at investigating the 

following questions: 

1. How have soil carbon pools in a Danish heathland responded to experimental climate 

change treatments mimicking predicted future conditions at the site over the course of 8 

years?  

2. How do biomass removal and vegetation control treatments affect deep soil carbon pools 

in a highly productive Pacific Northwest Douglas-fir forest?  

3. How does the application of olivine, an abundant silicate mineral, affect soil organic 

matter decomposition? What is the net effect of silicate dissolution in the soil 

environment on carbon storage?  

 These questions were addressed through analyses of soil carbon concentrations after in situ 

exposure to experimental climate change and forest management treatments and an incubation 

study to examine the effects of silicate mineral applications on soil carbon flux.  
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Chapter 2. PROGRESSIVE INCREASES IN SOIL CARBON 

STORAGE UNDER ELEVATED CO2 ARE NOT 

IMPACTED BY DROUGHT OR WARMING IN A 

TEMPERATE HEATHLAND 

Abstract: Changes in soil carbon pools in response to elevated CO2 or changing climatic 

conditions have the potential to significantly impact atmospheric CO2 concentrations.  In order to 

investigate the effects of climate change on soil carbon, we treated a Danish health/grassland 

ecosystem with elevated CO2 (eCO2), warming, and summer drought, both individually and in 

combination. The full combination of these treatments represented expected climate conditions 

in Denmark in 2075. Drought was the only significant main effect, but we suspect that 

pretreatment differences were responsible for the observed increase in soil carbon with drought. 

The effect of eCO2 grew significantly over the course of the experiment- after 8 years soil carbon 

had increased by 56.2% with the application of eCO2. The increase in soil carbon in response to 

CO2 was not significantly modified by the addition of warming or drought. Warming 

significantly decreased soil carbon as a single factor effect, but the addition of eCO2, which will 

inherently accompany a warming climate, nullified this effect. We therefore do not expect 

warming to affect soil carbon at this site in the future. We therefore expect that increases in soil 

carbon storage at this site will serve as a negative feedback to increasing atmospheric CO2 

concentrations under future climate conditions.  
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2.1 INTRODUCTION 

As the largest terrestrial carbon pool (Eswaran et al., 1993; Sundquist, 1993; Jobbagy and 

Jackson, 2000; Rustad et al., 2000; Scharlemann et al., 2014), changes in soil carbon (C) stocks 

due to elevated CO2 and associate changes in climate have the potential to significantly impact 

atmospheric CO2 concentrations. The effects of climate change on soil C will depend on the 

balance between these effects on the rates of C accumulation through plant inputs and microbial 

decomposition of soil organic matter (SOM) (Kirschbaum, 2000; Pendall et al., 2004). Increased 

plant inputs combined with lower microbial respiration could induce a negative feedback to 

increasing atmospheric CO2 concentrations. Alternatively, reduced plant inputs or enhanced 

microbial respiration could contribute to a positive feedback cycle, releasing large amounts of C 

to the atmosphere and exacerbating the effects of climate change. In order to accurately predict 

future climate impacts, it is critical to understand the role that soil C pools will play in the global 

C cycle under changing conditions.  

In spite of this, soil C has often been neglected in experimental investigations of the effects 

of climate change as sampling is both expensive and time consuming (Ni et al., 2017). Many of 

the studies that did investigate soil C have produced inconclusive results due to insufficient 

power in their experimental design to detect small differences given the large inherent variability 

in soil C concentrations (Hungate et al., 1996, 2009; Ross et al., 2006; Lichter et al., 2008). 

Additionally, few of these studies investigated the combined impacts of multiple interacting 

global change drivers on soil C (Ni et al., 2017; Yue et al., 2017). As the effects of climate 

drivers such as elevated CO2, warming, and summer drought are not always additive (Larsen et 

al., 2011; Dieleman et al., 2012), investigating their interactions is crucial to understanding the 

role soil organic carbon (SOC) will play in driving atmospheric CO2 concentrations.  
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 Elevated CO2 is predicted to “fertilize” plant biomass production by improving plant water 

use efficiency (Kirschbaum, 2000; Brevik, 2012). There is evidence that much of the additional 

biomass produced will be allocated belowground in order to access nutrients necessary for 

increased plant growth (Bassirirad et al., 2001). Stimulation of root biomass by elevated CO2 

(eCO2) has been observed by a number of studies (Adair et al., 2009; Jackson et al., 2009; 

Anderson et al., 2010), resulting in addition inputs to soil C pools.  

 However, these additional inputs of labile organic matter under eCO2 may stimulate 

microbial activity, resulting in a priming effect. Priming is the additional mineralization of SOC 

caused by stimulation of microbial activity in response to the addition of easily decomposable 

organic substrates (Dalenberg and Jager, 1989; Kuzyakov et al., 2000; Blagodatskaya and 

Kuzyakov, 2008). The degree to which priming occurs may help explain the contradictory results 

of studies on soil C response to eCO2. Soil C losses under eCO2 may also be induced by 

increases in soil moisture due to improved plant water use efficiency (Pendall et al., 2003).  

 Some studies have found that the combination of increased decomposition and plant inputs 

under eCO2 results in faster turnover of SOM, but little change in overall soil C storage 

(Hofmockel et al., 2011). In contrast, several meta-analyses have indicated that eCO2 is likely to 

increase soil C, though this impact is greater when high nitrogen availability is maintained, as in 

fertilized agricultural systems (Jastrow et al., 2005; De Graaff et al., 2006; Luo et al., 2006; van 

Groenigen et al., 2006; Hungate et al., 2009; Yue et al., 2017). In natural systems, the potential 

for continual stimulation of plant inputs with eCO2 may be restricted by progressive N limitation 

(Luo et al., 2004).  

 Plant growth and microbial activity are also expected to be stimulated by warming, 

assuming that increased temperatures do not induce moisture limitation (Kirschbaum, 2000). 
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Under warmer conditions, increases in the rates of enzyme-mediated reactions allow for 

accelerated mineralization of SOM (Conant et al., 2011), which can in turn support increased 

plant growth by making nutrients more available (Melillo et al., 2011). Warming also tends to 

lengthen the growing season, allowing for increased plant growth to occur over a longer period 

of time (Rustad et al., 2001; Dieleman et al., 2012). However, though warming may increase 

plant biomass overall (Rustad et al., 2001), the production of fine roots might decrease in 

response to increased nutrient availability, thus negatively impacting SOC (Melillo et al., 2011). 

The results of two meta-analyses indicate that soil C across the globe will decrease with 

increasing temperatures (Crowther et al., 2016; Yue et al., 2017), suggesting that decomposition 

of SOM is more sensitive to changes in temperature than net primary productivity.  

The impact of warming over the long term will depend on if these changes in microbial 

processing of SOM remain consistent over time. A number of studies have observed that the 

enhanced respiration that occurs at the beginning of warming experiments does not continue 

indefinitely. This reduction in respiration may be due to thermal adaptation of microbes over 

time (Bradford et al., 2008), the reduction of labile substrates (Tingey et al., 2006; Hartley et al., 

2007), or both processes concurrently (Bradford et al., 2008). However, the time frame over 

which these processes occur is unclear, and will likely vary based on site properties and soil C 

stabilization mechanisms (Davidson and Janssens, 2006). In one case, respiration was still 

elevated after 9 years of warming with no evidence of thermal adaptation or substrate depletion 

(Schindlbacher et al., 2015).  

By contrast, lower soil moisture under drought conditions is expected to decrease 

microbial activity (Jensen et al., 2003), plant growth (Penuelas et al., 2007), and root activity 

(Borken et al., 2006). Thus far, drought has been observed to reduce turnover of soil C (Prior et 
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al., 2008; Sardans et al., 2008), but it has not been shown to have a significant effect on the total 

C pool (Prior et al., 2008; Froberg et al., 2009; Cleveland et al., 2013; Khalili et al., 2016; Yue et 

al., 2017).   

Interactions between the effects of drought, warming, and eCO2 are hard to predict, as 

combining treatments may either enhance or dampen their effects compared to single-factor 

treatments. For example, increased plant water use efficiency under eCO2 may counteract drying 

effects of other treatments. In the case of warming combined with eCO2, this could result in 

further stimulation of both microbial activity and NPP. This stimulation of microbial activity 

may counteract N limitations that can develop under eCO2 by allowing for increased 

mineralization of SOM (Dieleman et al., 2012). It is unclear how these effects would balance out 

over a longer growing season, and few studies have investigated the combination of these two 

treatments (Dieleman et al., 2012). Alternatively, the combination of warming and drought could 

exacerbate dry conditions, mitigating any stimulating effect of warming on microbial activity or 

plant growth and further reducing turnover. The effects of the combination of eCO2, warming, 

and changes in precipitation are hardest to predict, but will most closely represent the response to 

future climate conditions.  

Though the effects of eCO2 and warming can vary over time (Luo et al., 2004; Bradford et 

al., 2008), the majority of studies use only a single measurement point at the end of the 

experiment to examine differences in soil C under these treatments. Results may therefore be 

dependent on the duration of the experiment, which on average is less than 4 years (De Graaff et 

al., 2006; van Groenigen et al., 2006). Longer study periods may be necessary to account for the 

effects on C pools with slower turnover rates, which may result in more permanent shifts in 
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SOC. Additionally, the strong interannual variability of rapid cycling C pools may also skew 

results when single measurements are used (Pendall et al., 2011). 

The CLIMAITE experiment was designed to examine the effects of climate change on a 

mixed heath and grassland ecosystem using a unique, multi-factor approach that allows for the 

determination of the effects of warming (T), drought (D), and eCO2, both individually and in 

combination (Mikkelsen et al., 2008). Previous results from the CLIMAITE experiment indicate 

significant differences between the effects of combined vs. single factor manipulations on 

rooting (Arndal et al., 2013, 2014, 2018), aboveground biomass production (Kongstad et al., 

2012), photosynthetic activity (Albert et al., 2011a; b), C and N cycling (Nielsen, submitted; 

Larsen et al., 2011) microbial abundance and growth (Andresen et al., 2010; Haugwitz et al., 

2014), and soil respiration (Selsted et al., 2012). As single factor effects are not necessarily 

additive, it is the full combination of treatments that will give the most accurate representation of 

future climate scenarios. In order to examine the potential for climate-induced changes in soil C 

pools to serve as a feedback to increasing atmospheric CO2 concentrations, we compared 

treatment effects on soil C concentrations over time.  

2.2 METHODS 

2.2.1 Site Description 

This research was conducted at the CLIMAITE experimental site at Brandbjerg, located 

approximately 50 km NW of Copenhagen, Denmark (55°53’ N, 11°58’ E). The site is a dry 

heath/grassland ecosystem dominated by two perennial species, a wavy hair-grass (Deschampsia 

flexuosa (L.), c. 70% cover) and an evergreen dwarf shrub (Calluna vulgaris (L.), c. 30% cover). 

The experimental plots are situated on a hilly, nutrient-poor, sandy moraine from the Weichsel 

glaciation. Soils at the site are Cambic Arenosols with relatively low cation exchange capacity, 
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weak signs of podsolization, and a pHCaCl2 in the topsoil of 3.3 increasing to 4.5 in the B-horizon. 

These well-drained soils are 71.5% sand, 20.5% coarse sand, 5.8% silt and 2.2% clay (Nielsen et 

al., 2009). The well-defined O-horizon above the mineral soil is approximately 2-5 cm thick. The 

site annually receives 613 mm of rainfall on average, and the mean annual air temperature is 8 

°C (Danish Meteorological Institute, 2009, http://www.dmi.dk). Bulk atmospheric nitrogen 

deposition at the site is relatively low; in 2007 the site received 1.35 ± 0.04 g N m-2 y-1 (Larsen et 

al., 2011). 

2.2.2 Experimental Treatments 

The Danish Meteorological Institute has predicted that in the year 2075, Denmark will 

experience atmospheric CO2 concentrations elevated to 510 ppm with air temperatures 

increasing by 2 °C; heavier summer droughts and winter rainfall are expected, resulting in little 

change in total annual rainfall (Danish Meteorological Institute, 2009, http://www.dmi.dk). The 

experimental treatments implemented at this site were designed to mimic these predicted climatic 

changes, with the exception that winter rainfall was not modified. This experiment instead 

focused on the effects of prolonged summer drought in combination with both eCO2 and 

warming. 

The implementation of the eCO2 and warming treatments began in October 2005, and the 

first prolonged summer drought was imposed in July 2006. Free air carbon enrichment (FACE) 

treatments were used to increase atmospheric CO2 concentrations to a target value of 510 ppm. 

The FACE treatments were employed from dawn until dusk and switched off overnight and 

during periods of complete snow cover.  

Passive night-time warming was achieved by the use of curtains that reflected infrared 

radiation back to the soil surface and vegetation. These were employed from dusk until dawn 
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throughout the year, but removed during periods of rain, high winds, and severe frost. The 

warming treatments increased night-time air temperatures by 0.6 and 1.3°C in the summer and 

winter months respectively. Night-time soil temperatures at a depth of 5 cm were increased by 

0.7°C in the summer and 0.3°C in the winter. Averaged across night and day time measurements, 

the warming treatments increased soil temperatures by 0.4°C in the summer and 0.2°C in the 

winter. The warming treatment also had the effect of increasing the growing season by two 

weeks in the spring (Kongstad et al., 2012) and reducing soil moisture relative to the control.  

Droughts were induced once or twice a year in the spring or summer by use of a rainfall 

exclusion curtain during rain events. Drought periods continued until the soil water content fell 

below 5% in the upper 20 cm of the soil profile as determined by TDR probes, at which point re-

wetting was allowed in order to maintain soil moisture slightly above the wilting point of 

vegetation at the site. Drought periods typically lasted between 1-5 weeks, which is within the 

range of naturally occurring summer droughts at the site. Mean annual soil moisture was 

significantly reduced by the drought treatment over the course of the experiment. However, 

because re-wetting was allowed, the significant drying effect observed when the treatment was 

applied was not consistent throughout the growing season (Selsted et al., 2012). 

2.2.3 Experimental Design 

 Treatments at the site consisted of a full factorial combination of eCO2, warming, and 

periodic summer drought (Figure 2.1). Six blocks contained pairwise combinations of 12 

octagons. In each block one octagon received eCO2 (CO2), whereas the other did not. Each 

octagon was 7 meters in diameter and divided into four subplots: control, warming (T), summer 

drought (D), and combined warming and drought (TD). There were therefore 6 replicates of each 

of the three individual treatments (T, D, CO2), their combinations (TD, TCO2, DCO2, TDCO2), 
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and a non-treated control (A) for a total of 48 treatment plots. The full factorial treatment 

(TDCO2) simulates the predicted future climate conditions at the site. A full description of the 

experimental setup can be found in Mikkelsen et al. (2008).  

 
Figure 2.1: Schematic presentation of a block with two separate octagons, receiving elevated 

CO2 and ambient CO2, respectively, and together hosting all eight treatment combinations with 
elevated CO2 (CO2), warming (T), drought (D), and untreated control (A). Reproduced from 
Mikkelsen et al. (2008).  

2.2.4 Sampling and Analyses 

Soil samples were collected three times over the course of 8 years from the upper 30 cm 

of the soil profile. Samples were taken in all experimental plots, for a total of 48 samples per 

depth interval. As these samples were collected for a variety of experimental purposes, soil-

sampling intervals varied. A full description of the sampling depth intervals and sampling dates 

can be found in Table 2.1.  

Table 2.1: Sampling depth intervals and dates 

Sampling Date Months after 
Installation* 

Depth intervals (cm) 

July, 2007 22 0-5, 5-10, 10-30 
Nov., 2011 74 0-10, 10-20, 20-30  
June, 2013 93 0-10, 10-30 
*Though the eCO2 and warming treatments were installed in October 2005 (Month 1), the first summer drought 
treatment was not applied until July 2006 (Month 10).  
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In July 2007, soil samples were taken during the installation of minirhizotrons (Arndal et 

al., 2018). These samples were taken by augering at a 45° angle. Fourteen samples were lost 

from this dataset in the 0-5 cm depth interval, but these missing samples were fairly evenly 

distributed across treatments. One entire warmed profile was removed from the July 2007 data 

since plant material was suspected to have contaminated the samples from this plot during the 

sampling process. In November 2011 soil cores were taken as part of a 13C labeling experiment 

(Nielsen, 2015), and in June 2013, soil samples were taken using a soil column cylinder auger 

(Eijkelkamp Agrisearch Equipment BV, Giesbeek, The Netherlands) with an inner diameter of 

87 mm attached to a gasoline powered percussion hammer (Cobra Combi, Atlas Copco AB, 

Nacka, Sweden).  

All samples were sieved to 2 mm. Fine roots were hand-picked with forceps from the 

July 2007 samples for comparison in Arndal et al., 2018, but roots that passed through the 2 mm 

sieve were allowed to remain in the samples from 2011 and 2013. Samples were oven dried at 

55° C and homogenized by ball-milling. Carbon concentration of the samples from 2007 and 

2013 were determined using an EA Flash 2000 elemental analyzer (Thermo Fisher Scientific) 

and the samples from 2011 were analyzed using a Eurovector CN elemental analyzer. 

2.2.5 Statistical Analyses 

A linear mixed effects model (“lme” in the “nlme” package in R Version 3.2.3) was used 

to test the effects of treatments on soil C concentration over time (Pinheiro & Bates, 2000). 

Treatments, CO2, T, and D, along with time and depth, were included as fixed effects in a full-

factorial statement. Time was represented by the number of months passed since the 

implementation of the treatments (Table 2.1), and was included in the model as a categorical 

variable. The midpoint of each depth interval was used to represent the depth of that interval in 
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the model. For example, the 5-10 cm depth interval was included in the model as a depth of 7.5 

cm, whereas the 0-10 cm depth interval was included as a depth of 5 cm. A nested random 

intercept term, with Plot nested within Octagon nested within Block, was used to account for the 

experimental design and the repeated measures within each profile.  

 Prior to analysis, C concentration data were log transformed to decrease 

heteroscedasticity. This transformation improved the residuals of the model, which were 

inspected using a residual plot and normal QQ plot. Using a log transformed depth variable also 

improved residuals and the model as a whole as tested by model comparison using Akaike’s 

Information Criteria. Heterogeneity of variances was further corrected by using the varIdent 

variance structure (nlme) to allow variances to differ at each depth interval. 

Differences of least square means (“lsmeans” in R) were used to interpret significant 

interactions (α = .05). Values were back-transformed from the log scale to give concentration 

means.  

Results are graphed as both concentrations and C pools in order to more clearly present 

treatment effects, which are somewhat obfuscated by differences in sampling depths from month 

to month. The differences in sampling depths artificially decrease soil C in Month 74 when 

concentration data are plotted because there were more measurements in deeper intervals relative 

to the other months. To better illustrate changes in C with treatment, total C pools were 

calculated for plotting purposes, but not used for any statistical analyses. Total C pools were 

calculated for each profile using bulk density values from a pre-experiment description of the 

soil profile. Missing data points from the upper 0-5 cm interval of Month 22 were point filled for 

pool calculation by averaging across the other plots from that treatment combination. Though 
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total pools are plotted, all analysis and results are based on soil C concentration. Results are 

presented as concentration means ± standard error of the mean.  

2.3 RESULTS 

Drought, which was the only treatment that was significant as a main effect, increased 

soil C concentration from 16.31 ± 0.85 %C to 19.04 ± 1.14 %C (p = 0.0012) (Figure 2.2, Table 

2.2). The effect of drought did not change over time: both the drought and non-drought plots 

increased at the same rate throughout the experiment, and the initial increase with drought is 

suspected to be due to pretreatment differences. As a single factor effect, drought was not 

significant and did not increase soil C over the control plots. 

  
Figure 2.2: Mean soil C concentration (left) and soil C pools (right) with and without drought 

over time. Error bars indicate standard error. 
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Table 2.2: Treatment means and standard errors of the means along with main, single factor, and 

interactive effects.  

Treatment 
Mean ± SEM 

%C 
Main Treatment 

Effects 
Single Treatment 

Effects Interactions 
Interactions 
with Time 

A 
1.736 ± 0.175     

D 
1.752 ± 0.179 0.0012     

T 
1.439 ± 0.158  0.0097    

CO2 
1.641 ± 0.168    <0.0001  

DT 
1.631 ± 0.177     

DCO2 
2.018 ± 0.231     

TCO2 
1.699 ± 0.176   0.0051  

DTCO2 
2.203 ± 0.302     

 
Plots treated with eCO2 significantly increased in soil C concentration over time 

compared to ambient plots (p < 0.001) (Table 2.2). By the end of the study, the addition of eCO2 

had resulted in a significant increase in soil C from 18.61 ± 1.74 %C under ambient CO2 to 25.35 

± 3.01 %C under eCO2 (p = 0.0341) (Figure 2.3, Table 2.3). Though soil C increased in both 

ambient and eCO2 plots over the course of the experiment, the 56.2% increase in the eCO2 plots 

was much greater than in the 11.7% increase in the ambient plots.  
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Figure 2.3: Mean soil C concentration (left) and soil C pools (right) with and without 

elevated CO2 over time. Error bars indicate standard error. 

 
Table 2.3: Effects of CO2 by Month 

 Ambient %C CO2 %C 
P value 

Month 22 1.648 ± 0.156 1.622 ± 0.138 
 

Month 74 1.493 ± 0.125 1.709 ± 0.158 
 

Month 93 1.861 ± 0.174 2.535 ± 0.301 0.0341  
 
 Warming was not significant as a main factor, nor did it interact with time (Figure 2.4). 

As a single factor warming significantly decreased soil C (p = 0.0097) (Table 2.2). 

 
Figure 2.4: Mean soil C concentration (left) and soil C pools (right) with and without 

warming over time. Error bars indicate standard error. 

 



 25 

However, there was a significant interaction between the warming and eCO2 treatments 

(p = 0.0051), which had contrasting effects on soil C (Figure 2.5, Table 2.3). Warming 

significantly decreased soil C under ambient CO2 from 17.44 ± 1.24 %C in non-warmed plots to 

15.22 ± 1.16 %C in warmed plots (p = 0.0471). However, the addition of eCO2 dampened this 

effect.  

  

 
Figure 2.5: Mean soil C concentration (left) and soil C pools (right) with and without 

elevated CO2 and warming over time. Error bars indicate standard error. 

 
Table 2.4: Interactive Effects of CO2 and Warming 

Treatment 
Mean %C P value  

A 
1.744 ± 0.124 

 

T 1.522 ± 0.116 0.0471  

CO2 1.834 ± 0.144 
 

TCO2 1.951 ± 0.176 
 

 
Though there was no significant three-way interaction between drought, warming, and 

eCO2, the combination of all three treatments typically resulted in the highest soil C of all 
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treatments (Figure 2.6). At the last measurement point, the full combination of treatments had 

increased the soil C concentration over the control by 58.3%.  

 
 

Figure 2.6: Mean soil C concentration (left) and soil C pools (right) for each treatment 

combination over time. Error bars indicate standard error. 

2.4 DISCUSSION 

2.4.1 Drought 

We suspect that the observed increase in soil C with drought may have actually been the 

product of pretreatment differences in soil C caused by differences in plant community 

composition. Previous research at the site indicated that there is more SOM under Calluna than 

Deschampsia (Nielsen et al., 2009), and through random chance the majority of drought 

treatment plots had a greater proportion of Calluna than their non-drought counterparts (Table 

2.5). 
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Table 2.5: Pretreatment Ratio of Calluna to Deschampsia by Treatment 

Treatment Pretreatment Ratio of 
Calluna to 
Deschampsia 

TCO2 0.335 
CO2 0.362 
DCO2 0.431 
A 0.515 
TD 0.528 
D 0.569 
TDCO2 0.572 
T 0.592 

 
Previous research at the site also indicates that the drought treatment had negative effects 

on plant photosynthesis (Albert et al., 2011c), aboveground biomass (Kongstad et al., 2012), and 

rooting (Arndal et al., 2014), but that the turnover rate of newly assimilated C was lower under 

drought conditions (Nielsen, submitted). Despite indications of lower turnover rates, in light of 

the evidence for a pretreatment effect we cannot confidently claim that the decreased respiration 

under drought conditions (Selsted et al., 2012) compensated for the observed reduction in plant 

inputs and resulted in net C storage. However, a recent meta-analysis found that drought induced 

small increases in soil C pools, which would agree with our results (Zhou et al., 2016). 

The exception to this uncertainty is the effect of drought on the warmed plots in the 

absence of eCO2. Though the pretreatment biomass ratio suggests that the plots that received 

both warming and drought may have initially had a lower soil C than the plots that only received 

warming, we observed soil C in the warmed plots to increase with the application of drought. 

The combination of drought and warming resulted in the driest conditions of any treatment. 

These dry conditions in these plots counteracted the increase in respiration that typically 

accompanies warming and rendered losses of soil C due to respiration the lowest of any 

treatment combination (Selsted et al., 2012).  
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2.4.2 Effect of Elevated CO2 on Soil C Over Time 

SOC progressively increased with the application of eCO2 over the course of the 

experiment, resulting in significantly elevated soil C concentrations compared to the ambient 

plots at the end of the study. Pretreatment measurements indicated that soil C in the eCO2 plots 

was initially 15.6% lower than in the ambient plots in the upper 10 cm of the soil profile, 

presumably due to the higher prevalence of Calluna in the ambient plots. These pretreatment 

differences imply that the effect of eCO2 on soil C was even stronger than measured as the 

increase with eCO2 also compensated for the initially lower soil C concentration in these plots. 

CO2 fertilization of plant growth is likely the driving factor for this increase in soil C. 

Elevated CO2 increased photosynthetic activity in both Calluna and Deschampsia (Albert et al., 

2011a; b) and resulted in some seasonal increases in aboveground Deschampsia biomass 

production (Kongstad et al., 2012). Most notably, belowground biomass production increased in 

response to the greater demand for nutrients to accommodate increased plant growth (Arndal et 

al., 2013). The eCO2 treatment induced the greatest increase in root growth (Arndal et al., 2014, 

2018), particularly in the deeper soil horizons (Arndal et al., 2018), where allocation of newly 

assimilated C to roots was three times greater than in ambient plots (Nielsen, submitted). The 

observed increase in respiration in these plots (Selsted et al., 2012) suggests that the increased 

allocation of C belowground resulted in some priming of SOC. Though some studies observed 

that soil C was diminished by the effect of priming (Hoosbeek et al., 2004; Trueman and 

Gonzalez-Meler, 2005; Carney et al., 2007; Langley et al., 2009; Butterly et al., 2016), at our site 

the increase in belowground inputs outweighed losses due to increased respiration under eCO2.  

 Though our results are in agreement with several meta-analyses that indicate that soil C 

tends to increase with eCO2 (Jastrow et al., 2005; De Graaff et al., 2006; Luo et al., 2006; van 
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Groenigen et al., 2006; Hungate et al., 2009; Yue et al., 2017), the majority of individual 

experiments testing the effects of eCO2 on soil C found no significant difference (Torbert et al., 

1997; Cardon et al., 2001; Allard et al., 2005; Dijkstra et al., 2005; Ross et al., 2006; van Kessel 

et al., 2006; Gill et al., 2006; Pendall and King, 2007; Lichter et al., 2008; Talhelm et al., 2009; 

Garten et al., 2009; Hoosbeek et al., 2011; Dorodnikov et al., 2011; Drake et al., 2011; 

Hofmockel et al., 2011; Reid et al., 2012; Chen et al., 2012; Dieleman et al., 2012; Procter et al., 

2015). The fact that we did observe a significant increase at the end of our study may speak more 

to differences in experimental and statistical design between our study and others rather than 

strongly differing impacts (Hungate et al., 1996, 2009; Ross et al., 2006; Lichter et al., 2008). As 

soil C concentration varies widely with depth, the use of larger sampling intervals in many other 

studies may have masked any change in C concentration that developed in smaller segments of 

the profile (Jastrow et al., 2005). Our use of both a relatively high number of replicates and 

repeated measurements over time and depth increased our power to detect a difference despite 

the large inherent variability in soil C concentrations.  

In comparison to other studies that did observe a significant increase with the application 

of eCO2, the increase in soil C at our site was among the greatest. By the final measurement 

point, soil C in the upper 10 cm of the eCO2 plots was 40.2% higher than the ambient plots, 

averaging out to an increase of 5.2% over ambient conditions per year. This average does not 

account for the fact that the CO2 plots initially had lower soil C than the ambient plots, yet is still 

a stronger response than the 4% and 1.5% annual increases observed with eCO2 in two 

spruce/beech model ecosystems with differing soil types (Hagedorn et al., 2001). It is also 

greater than the 1.2% increase per year observed in the last 5 years of a 9 year FACE experiment 

on a dry pasture in New Zealand (Ross et al., 2013) and the even smaller annual increase of 
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0.67% observed in a Kansas grassland (Jastrow et al., 2005). In contrast, a greater annual 

increase of 6.2% under eCO2 was observed in a grain sorghum field under water-limited 

conditions in Arizona (Prior et al., 2008). This strong response may be in part due to changes in 

rooting with plant succession, as the site was managed as a heathland until the beginning of the 

experiment. In fact, the annual increase in soil C in the ambient plots was comparable to the 

increase in C under eCO2 in a number of other studies. The species composition of the site may 

also play a role. The association between Calluna and ericoid mycorrhizal fungi, whose ability to 

scavenge organic N enables them to reduce N limitations to plant growth (Orwin et al., 2011) be 

an important factor driving the relatively high rate of increase in soil C at this site compared to 

other ecosystems. 

Studies that used repeated measurements similarly observed that the magnitude of the 

effect of eCO2 on soil C increased over time (Jastrow et al., 2005; Hoosbeek et al., 2006; Ross et 

al., 2013). The fact that we see a consistent increase in soil C over the course of the experiment 

may indicate that though nutrient availability was never high enough to result in significant 

increases in aboveground biomass (Kongstad et al., 2012), plant growth at this site is not yet so 

nitrogen limited as to reduce root production. Further, some degree of further accumulation is 

expected, as the increase in soil C under eCO2 had not slowed after 8 years. However, it is 

possible that progressive nitrogen limitation may eventually limit plant growth and the potential 

for increases in soil C under eCO2 (Hungate et al., 2006).  

2.4.3 Interaction between Warming and Elevated CO2 

Warming significantly decreased soil C at ambient CO2 at our study site, though this 

effect was nullified by the application of eCO2. Our results agree with the conclusions of two 

meta-analyses which predict soil C across the globe to decrease with increasing temperatures 



 31 

(Crowther et al., 2016; Yue et al., 2017). This loss of soil C in the warmed plots was likely 

driven by the stimulation of microbial abundance and growth (Andresen et al., 2010; Haugwitz et 

al., 2014). A slight yet consistent increase in soil respiration was observed with warming, but this 

effect was only periodically significant (Selsted et al., 2012). However, since warming 

treatments were applied at night and flux measurements were taken during the day, the full 

magnitude of changes due to warming may not have been captured.  

Decreased belowground biomass allocation may have also played a role in reducing soil 

C under warming at our site, as standing root biomass was observed to be lower in the warmed 

plots (Arndal et al., 2014, 2018). This decrease in allocation of C belowground may be a 

response to more easily accessible N in the warmed plots as a result of increased turnover 

(Larsen et al., 2011). 

A number of studies have observed the effect of warming to be transient as microbes 

undergo some form of thermal acclimation or labile substrates are depleted (Knorr et al., 2005; 

Hartley et al., 2007; Bradford et al., 2008; Tucker et al., 2013). We did not observe a significant 

change in the effect of warming over the 8 years of our study, though the much smaller 

difference between the warmed and control plots at the last measurement point may suggest that 

the warming effect was beginning to decline.  

However, the effect of eCO2 nullified that of warming; warming + eCO2 treatment plots 

had SOC concentrations that were comparable to plots that only received eCO2. As increased 

temperatures are caused by increased atmospheric CO2 concentrations, future warming will be 

inherently accompanied by elevated CO2. The decrease in soil C observed with the warming 

treatment alone is therefore not a response we would expect to see in response to similar 

increases in temperature at this site. However, as our warming treatments were fairly mild and 
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did not achieve the 2°C increase that would correspond with predictions of future conditions, it is 

possible that in the future a stronger response may occur than observed in this study.   

These results agree with a meta-analysis which found eCO2 to have a stronger effect on 

soil C than warming (Dieleman et al., 2012). Unlike the plots which only received warming, 

there was no decrease in standing root biomass when eCO2 was added (Arndal et al., 2013, 

2018). In fact, the increase in root growth and biomass observed with the application of eCO2 

was typically greatest when CO2 was elevated in the warmed plots (Arndal et al., 2013, 2018). In 

these combined treatment plots, the increased N availability due to increased microbial activity 

with warming may have contributed to plant growth by reducing nitrogen limitations under eCO2 

(Larsen et al., 2011), which is in line with the results of Dieleman et al’s (2012) meta-analysis. 

As the warming treatment also lengthened the growing season, the combination of warming and 

eCO2 allowed for increased plant inputs (Arndal et al., 2013, 2018) over a longer period of time 

(Albert et al., 2011b).  

2.4.4 Interactions between Temperature, Elevated CO2, and Drought 

Like the other eCO2 treatments, the soil C concentration in the plots that received a 

combination of drought, warming, and eCO2 increased over the course of the study. Though 

there was no significant three-way interaction between the three treatments, by the second 

measurement point, the plots that received all three treatments had the greatest soil C 

concentration. After 8 years of treatment, this future climate scenario induced an increase in soil 

C on the order of 28 tonnes C ha-1. As this is the only eCO2 treatment that was any drier than 

ambient, the combination of drought and warming seems to have had a sufficiently strong drying 

effect to counteract the typical increase in soil moisture associated with eCO2, resulting in 

reduced respiration compared to the other eCO2 treatments (Selsted et al., 2012). It is therefore 
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possible that the future climate scenario induced sufficiently dry conditions to result in greater 

retention of carbon compared to the other eCO2 treatments, strengthening the negative feedback 

to eCO2. However, the observed increase was not significant, and pretreatment differences may 

play a role here as well. Plots that received all three treatments had the highest proportion of 

Calluna and were among the highest in terms of C concentration at the first measurement point. 

Given the lack of significant interaction and potential pretreatment differences, it seems that 

warming and drought are not likely to significantly affect the rate of increase in soil C 

concentrations under eCO2 in the future at this site. Though our study did not account for 

impacts of expected increases in winter precipitation, the fact that the effects of drought, 

warming, and CO2 on soil moisture did not seem to play a strong role in determining their effects 

on SOC suggests that increased precipitation may have a minimal effect, though further 

experimentation is necessary to confirm this.  

2.5 CONCLUSION 

The effects of climate change on soil C pools have the potential to either exacerbate or 

alleviate the detrimental effects of rising atmospheric CO2 concentrations. A number of studies 

have raised concerns that climate change may reduce soil C stocks via increased decomposition 

under warmer temperatures (Crowther et al., 2016; Yue et al., 2017) or a priming effect caused 

by elevated CO2 (Carney et al., 2007; Langley et al., 2009). However, at this site soil C losses 

with warming were nullified by the increase in plant growth with eCO2 concentrations, which 

will inherently be present in a warming world. Over the 8 years of our study, we observed that 

the stimulating effect of elevated CO2 on belowground plant growth had a stronger impact on 

soil C than the effects of either drought or warming. This site is therefore expected to store more 
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C under future climate conditions, serving as a negative feedback to elevated atmospheric CO2 

concentrations.  
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Abstract: Soil contains more carbon than the atmosphere and plant biomass combined. 

Consequently, it is the most important long-term sink for carbon within terrestrial ecosystems. 

An understanding of the potential to induce carbon sequestration in soils through management is 

crucial in light of increasing anthropogenic CO2 emissions. Nevertheless, soil has historically 

been under-represented in carbon cycling research, especially in regards to subsurface (>30 cm) 

layers and processes. Research on the effects of forest management practices on deep soil carbon 

has been particularly lacking. To test the effects of biomass removal and vegetation control 

treatments on deep soil carbon, soils were sampled to a depth of 3 meters at the Fall River Long-

term Soil Productivity Site in western Washington, USA. Treatments were installed 15 years 

previously in a complete, randomized block design. No difference was found in total soil carbon 

between treatments, but there was significantly less (α=0.10) carbon stored at the deepest interval 

measured (250-300 cm) in the plots with vegetation control (8.9 Mg C ha-1) than in those without 

(16.6 Mg C ha-1). These results suggest the stability of soil carbon pools at Fall River and 

indicate that more intensive management practices may not deplete carbon pools at this site, but 

imply that these deep soil pools may be more sensitive to change than shallow pools. 58.1% of 

the soil carbon pool is located below 30 cm, which demonstrates that shallow sampling 
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significantly underestimates soil carbon pools and highlights the importance of understanding 

processes that control deep soil carbon. 

3.1 INTRODUCTION 

Soils play a key, yet often overlooked, role in global carbon cycling. They comprise the 

largest terrestrial carbon pool, containing approximately 1500 Pg (Eswaran et al., 1993; 

Sundquist, 1993; Jobbagy and Jackson, 2000; Rustad et al., 2000; Scharlemann et al., 2014). 

However, this estimate only accounts for the upper 1 m of the soil profile. Jobbagy & Jackson 

(2000) concluded that incorporating the 2nd and 3rd meters of the soil profile would increase the 

estimated soil carbon pool by 842 Pg, and Köchy et al. (2015) more recently estimated that 

including all soil layers deeper than 1 meter would increase the global soil carbon pool to almost 

3000 Pg.  

 This amount exceeds the pool of carbon contained in both terrestrial biomass and the 

atmosphere, which contain 750 and 560 Pg of carbon, respectively (Rustad et al., 2000). In spite 

of the large amount of carbon stored in deep soils, there has been a paucity of research 

investigating how changing conditions induced by management or environmental change may 

affect deep soil carbon stocks. Further, the scarcity of deep soil studies makes an accurate 

estimation of these deep carbon pools difficult (Lorenz and Lal, 2005), which in turn limits the 

accuracy of carbon cycle and climate models.   

Most coupled carbon-climate models, including the CMIP5 models, consistently 

underestimate soil carbon by only including the upper meter of the profile (Todd-Brown et al., 

2013). This oversight is primarily due to the lack of sufficient data below 1 m. The default 

sampling depth recommended by the IPCC’s Guidelines for National Greenhouse Gas 

Inventories is only 30 cm (Paustian et al., 2006), and the majority of studies on soil carbon 
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change do not even sample that deeply: a sampling depth of 20 cm is much more common (Post 

and Kwon, 2000; West and Post, 2002). The long residence times of subsurface soil carbon have 

been used to justify shallow sampling practices and support the assumption that these deeper 

pools were either negligible or resistant to change (Kaiser et al., 2002; Chabbi et al., 2009). 

However, recent research has shown that not only is there a significant amount of carbon at 

depth (Jobbagy and Jackson, 2000; Harrison et al., 2011; Harper and Tibbett, 2013; James et al., 

2014), but that the environmental conditions under which this carbon is stabilized are, in fact, the 

primary cause of these long residence times, rather than inherent chemical recalcitrance of the 

material (Mikutta et al., 2006; Marschner et al., 2008; Schmidt et al., 2011). Climatic or 

management changes can alter soil conditions such that seemingly recalcitrant organic matter 

becomes bioavailable and vulnerable to decomposition (Trumbore et al., 1995; Kuzyakov et al., 

2000; Fontaine et al., 2007). In spite of this new paradigm for understanding the stabilization of 

soil organic matter, deep soil studies are still uncommon due to the expense and time associated 

with deep sampling. However, without more data on subsurface carbon pools, it will be 

impossible to accurately estimate the amount of carbon that is stored in deep soils or how 

vulnerable this carbon may be to changing conditions induced by management or climate 

change.   

 Management is one of the most common drivers of changes in soil carbon, and it has 

often been proposed as a mechanism for sequestering carbon in order to combat rising 

atmospheric CO2 levels (Post and Kwon, 2000). Both agriculture and forestry have been shown 

to induce change in the upper layers of soil (Johnson and Curtis, 2001; Guo and Gifford, 2002). 

However, there is evidence that the results of analyses of change in total soil carbon pools may 

be dependent on sampling depth, as various soil horizons may respond to change differently 
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(Liebig et al., 2005; Baker et al., 2007; Gál et al., 2007). Improved understanding of deep soil 

processes is crucial in order to predict which environmental changes may induce the 

mineralization of previously stable deep soil carbon or increase carbon storage in deep layers. 

Deep soils are particularly important in forest ecosystems, as many tree species root very deeply 

(Nepstad et al., 1994; Canadell et al., 1996; Jackson et al., 1996; Schenk and Jackson, 2002). The 

maximum depth of Douglas-fir rooting is often over 3 m (Stone and Kalisz, 1991). This deep 

rooting provides biogeochemical interactions with deep soil through nutrient uptake as well as 

root exudates and turnover (Maeght et al., 2013).  

It has been estimated that 70% of soil organic carbon is stored in forest ecosystems (Jandl 

et al., 2007), making the study of deep soil carbon in these systems particularly crucial to the 

understanding of global carbon cycling. Additionally, forest soil carbon has been shown to 

respond more strongly to management change than soils influenced by other forms of land use 

(Jandl et al., 2007). Over 200 million hectares of forest land are managed for timber production 

in the U.S. alone (USDA Forest Service, 2001), and the effects of this management could include 

the release or storage of large amounts of soil carbon, with effects on climate that are not 

currently being incorporated into carbon and climate models. Control of competing vegetation 

(Shan et al., 2002; Miller et al., 2006) and increased biomass removal (Mendham et al., 2002, 

2003) are two common forest management practices that have been shown to affect soil carbon 

stores in surface horizons.  

Increased biomass removal has become progressively more common as the market value 

of the logging residues left behind by conventional harvesting has escalated due the rising 

demand for biofuel feedstock (White, 2010). These biofuels would serve as a renewable, carbon 

neutral alternative to fossil fuels (Caputo et al., 2005). However, removal of this material could 
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impair forest sustainability, as whole tree harvesting removes an important source of organic 

matter and nutrients to the soil (Ares et al., 2007b). Increasing the amount of organic material 

removed from a site can lead to changes in carbon dynamics and, in some locations, has been 

shown to decrease soil organic matter in surface horizons (Olsson et al., 1996; Mendham et al., 

2002, 2003; Laclau et al., 2010).. 

Control of competing vegetation has also produced varied results but has been shown to 

decrease shallow soil organic matter in some instances (Shan et al., 2002; Powers et al., 2013). 

After forest harvest, early successional vegetation will typically flourish. However, if left 

unchecked, this vegetation can lead to significant mortality of young seedlings, especially if 

invasive species predominate. Thus, herbicides are frequently used to control competing 

vegetation in early-rotation forests. A side effect of this treatment may be reduction in soil 

carbon (Slesak et al., 2011). In untreated forest, the competing vegetation will die back once 

crown closure is reached, leading to a flux of fresh organic matter onto the soil, which would not 

be present if herbicide were used to control understory vegetation. Additionally, increased 

irradiance due to a lack of shading from early successional species could result in greater 

decomposition and loss of soil organic matter due to increased temperature throughout the 

profile. Given how widely used vegetation control practices have become, improved 

understanding of their effects on soil carbon pools is necessary for accurate evaluation of the 

long-term impacts of forest management.  

The effects of management on soil carbon may determine the sustainability of these 

practices in the long term. Soil organic matter provides nutrients, structure, and water holding 

capacity, all of which are driving factors of site productivity (Powers et al., 1990).  

Understanding the effects of management practices on soil carbon at depth is therefore important 
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both in light of its effects on atmospheric CO2 concentrations and for maintaining sustainable 

forestry practices. Though it has been recommended that soil sampling be conducted to a depth 

of at least one meter in order to accurately assess change in forest soil carbon pools (Hamburg, 

2000), deep soil is often neglected in forest management studies. Our study is unique in that we 

sampled to a depth of 3 m.  

In order to understand the potential for changes in deep soil carbon pools as a result of 

forest management practices, the effects of increased biomass removal and vegetation control on 

soil carbon were examined throughout the profile to a depth of 3 m. Treatments were applied to 

an intensively managed Douglas-fir stand in western Washington. Soils at this site are 

representative of some of the most productive and carbon rich soils in the Pacific Northwest 

(Ares et al., 2007b). Previous sampling at the site to a depth of 1 meter indicated that difference 

between treatments was greatest in the deepest measured interval (60-100 cm). However, even at 

that interval, the difference in total carbon content was not statistically significant (Knight et al., 

2014). Our study aimed to investigate if the trend of increasing difference in carbon content 

between treatments with depth continued, and if the difference in total carbon content between 

treatments became significant with the inclusion of deep soil carbon pools.  

3.2 METHODS 

3.2.1 Site Description 

The Fall River research area is an affiliate site of the North American Long-Term Soil 

Productivity Network, a collaborative program led by the U.S. Forest Service and aimed at 

understanding the effects of forest management on soil organic matter and pore space, which are 

hypothesized to be determining factors for site productivity (Powers et al., 2005; Ares et al., 

2007b). This network includes more than 40 sites across the U.S. and Canada. The research goals 
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of the Fall River site include the investigation of the effects of various forest management 

practices, including control of competing vegetation and removal of excess biomass for use as 

biofuels, on soil processes and long-term productivity. Our study supports these goals by 

assessing the effects of these forest management practices on deep soil carbon. Knowledge 

generated by research at this site will allow for the improvement of forest management practices 

aimed at sustaining site productivity.  

Understanding deep soils is particularly important at sites like Fall River, where soils are 

many meters deep. Fall River is located in the Willappa Hills in the Coast Range of Washington 

(46° 43’N, 123° 25’W) (Ares et al., 2007b). The site is located on a plateau formed by the 

Pomona basalt flow, and slopes average from 10-15% with a westerly exposure at an elevation of 

300-375 m. Soils and topography are fairly uniform, and therefore limit any confounding effects 

of variability due to these two factors. The area has a maritime climate with a mean annual air 

temperature of 9.2 ºC and mean annual precipitation of 2260 mm. Winters are mild and wet and 

summers are warm and dry. Site history has been well documented, and includes previous 

harvesting of the initial old growth Douglas-fir (Pseudotsuga menziesii) and western hemlock 

(Tsuga heterophylla) stand in 1952-1953. A full description of the site is available in Ares et al. 

(2007a). 

The soil at this site is classified as a medial over clayey, ferrihydritic over parasesquic, 

mesic Typic Fulvudand of the Boistfort series (Soil Survey Staff, 2010). The Boistfort Series 

includes some of the most productive and carbon-rich soils in the Pacific Northwest (Ares et al., 

2007b). Pre-harvest soil analysis estimated the top 80 cm of soil at the site to contain 248 Mg C 

ha-1. This Andisol is well-drained with a medium to moderately fine texture and few rocks (Terry 

et al., 2001; Ares et al., 2007b). It has a low bulk density which increases with depth and a high 
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water holding capacity (Ares et al., 2007b). This soil developed on Miocene basalt, though the 

upper horizons have been considerably influenced by volcanic ash, some of which was likely 

deposited after the Mt. Mazama eruption approximately 6,850 years ago (Steinbrenner and 

Gehrke, 1973; Ares et al., 2007b). Soils at Fall River are rich in iron and aluminum oxides, 

which contribute to a significant capacity for anion sorption that increases with depth (Strahm 

and Harrison, 2007). Selective dissolutions of iron, aluminum, and silica indicated that allophane 

and imogolite concentrations also increase with depth, although they are low compared to other 

Andisols in the region (Ares et al., 2007b). Previous research has indicated that Andisols with 

large quantities of similar noncrystalline, variable-charge minerals, contain more carbon both in 

total and at depth than other soil types in the Pacific Northwest (James et al., 2014). It is 

therefore likely that these mineralogical properties are driving factors for the high carbon content 

of soils at Fall River.  

This site was chosen because it is representative of soils developed on basic igneous 

parent material with volcanic tephra influence which are found throughout the Coast Range and 

Western Cascades of Washington and Oregon (Terry et al., 2001). These types of soils are 

among the most productive in the Pacific Northwest, and are commonly intensively managed as 

Douglas-Fir plantations (Ares et al., 2007b).  

3.2.2 Experimental Design 

This study focused on three of the treatments implemented at the Fall River site: 

commercial bole only removal with vegetation control by annual herbicide application 

(BO+VC), commercial bole only removal without vegetation control (BO-VC), and total-tree 

plus removal with vegetation control (TTP+VC). These treatments differ the most in terms of 

organic matter retention (BO and TTP) and vegetation control (+VC and –VC). They were 
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selected because these treatments best represented management extremes, with BO-VC as the 

least managed and TTP+VC as the most intensely managed.  The largest measurable difference 

between treatments was therefore expected to be represented by the comparison of these 

extremes.  

In the BO+VC and BO-VC treatments, remaining tops, broken logs less than 3 meters in 

length, and all remnant coarse woody debris were left in place (Ares et al., 2007b). In the 

TTP+VC treatment, harvesting removed the entire aboveground tree including branches and 

foliage. Most remaining coarse woody debris was removed and herbicide was used to control 

competing vegetation.  The TTP treatment was estimated to have removed 69 Mg C ha-1 more 

carbon than BO treatments, with 244 Mg C ha-1 and 175 Mg C ha-1 removed respectively. 

Vegetation control did not mimic conventional vegetation control methods, but was strictly 

administered with the intention of eliminating all competing vegetation; it was therefore applied 

more frequently than standard commercial practices would dictate. These treatments are 

described in further detail by Ares et al. (2007a).   

Installation of the experiment began in 1999 with the harvesting of the previous stand and 

implementation of biomass removal treatments (Ares et al., 2007b). The current Douglas-fir 

stand was planted in 2000 with a stand density of 1,600 trees per hectare. Vegetation control 

treatments were initiated the following year, and continued for the following five years. Four 

replicates of 12 treatments were administered in a complete, randomized block design. 

Arrangement of experimental blocks was based on slope position and composition of original 

stand (percentage Douglas-fir and western hemlock). Each of four blocks contains two 30 x 85 m 

plots for each treatment, each containing a 15 x 70 m (0.10 ha) measurement plot. For this study, 



 44 

one sampling location was randomly selected per treatment, per block, for a total of 12 plots 

sampled (Ares et al., 2007b). 

3.2.3 Sampling Methodology 

To assess soil carbon throughout the profile, samples were taken to a depth of 3 meters 

from the center of 8 depth intervals: 0-15 cm, 15-30 cm, 30-50 cm, 50-100 cm, 100-150 cm, 150-

200 cm, 200-250 cm, and 250-300 cm. Sampling intervals are smaller in the upper 50 cm of the 

soil profile to account for the higher expected rate of change in carbon concentration with depth 

in the upper soil horizons. The forest floor was also sampled at each plot. Sampling took place 

between June and November, 2014.  

This experiment employed a novel vertical coring method to take samples to a depth of 3 

meters. This method eliminated the need to dig soil pits, making the sampling process much 

more efficient and less destructive. It is, however, still a difficult and time-consuming process, 

which limited the number of plots we were able to sample to one per treatment, per block, rather 

than using the full set of two plots that were available for each treatment in each block. An AMS 

Signature Series Split-Core Sampling Kit was used to auger to the desired depth and then to 

extract samples of a known volume suitable for both chemical analysis and measurement of bulk 

density. Before beginning our sampling, we verified the accuracy of the bulk density values 

produced by this method compared to the more common punch core method. To do this, we took 

punch core samples horizontally from the face of a pit at 20 cm intervals to a depth of 140 cm for 

comparison with samples taken using the vertical core directly behind the face of the pit at the 

same depths. The 0-20 cm interval was excluded from the analysis due to the intermittent 

presence of red rot causing large variability. To calculate bulk density, samples were air dried at 

room temperature for one week and then weighed. Though there was some variability, as is 



 45 

expected in any bulk density measurements (Raper and Erbach, 1987), values produced by the 

two methods were not significantly different (p = 0.509, F-test). The difference between bulk 

density values produced by the vertical core as compared to the punch core ranged from 0.21 g 

cm-3 to -0.01 g cm-3. The bulk density values of the vertical core samples were, on average, 0.09 

g cm-3 higher than the punch core samples. This vertical coring method works well when not 

impeded by rocky soils or an impermeable layer. We successfully reached 3 meters in all but one 

plot (Block 4: TTP+VC), in which an impermeable layer at 2 meters prevented further sampling. 

Increased use of this method has the potential to expand the study of deep soil horizons.  

In preparation for determination of soil carbon concentrations using a Perkin-Elmer 2400 

CHN analyzer, dry samples were passed through a 4.75 mm sieve. Though the <2 mm fraction is 

typically used in soil carbon analysis, Zabowski et al. (2004) demonstrated that a significant 

portion of soil carbon is found in the coarse fraction of some Pacific Northwest Andisols, thus 

we elected to use a larger mesh size. Subsamples were then ground using a porcelain mortar and 

pestle.  

The total carbon content (Ct) for each depth interval was calculated from the layer 

thickness (h), the bulk density (Db) and the carbon concentration (C%). For calculation purposes, 

C% is assumed to be constant throughout each depth interval. 

𝐶! =  𝐷!  ℎ 𝐶%  

Mean total carbon content per treatment was calculated by averaging the content at each 

depth interval and summing these to the desired depth.  
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3.2.4 Statistical Analyses 

A two-way (randomized block) ANOVA (α=0.10) was used to test the effect of 

treatments on cumulative carbon content from the surface to the bottom of each depth interval to 

determine if sampling depth affected the results of analysis. Treatment effects on carbon content 

and concentration within each depth interval were also tested using a two-way ANOVA (α=0.1) 

(IBM SPSS Statistics, Version 19.0.0). Because there was an impermeable layer at 200 cm in the 

TTP+VC treatment in Block 4, the TTP+VC treatment had a sample size (n) of 3 instead of 4 at 

the deepest two intervals. Post hoc comparisons were performed using Tukey’s tests at α=0.1 

when statistical differences were detected by the ANOVA analysis. To ensure that any 

differences in carbon content between treatments were not primarily driven by differences in 

bulk density, differences in bulk density were likewise assessed and any correlation between 

carbon concentration and bulk density was determined using Pearson correlation analysis.  

 To assess the effect of deep sampling on estimates of total carbon content across all 

profiles, a linear mixed effects model was used to determine the depth at which deeper sampling 

no longer statistically influenced the total carbon content of the profile. This analysis was 

conducted in R (R Core Team, 2014) using the nlme package (Pinheiro et al., 2015), with depth 

as a fixed effect and plot as a random effect. A logarithmic transformation of the data was used 

as it improved normality as assessed by visually inspecting residual and Q-Q plots and lowered 

the AIC and BIC of the model. Multiple comparisons between sampling depths were calculated 

using Tukey’s Honestly Significant Difference, part of the multcomp package in R (Hothorn, 

2008).  
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3.3 RESULTS 

Across all treatments, the mean total carbon stock to a depth of 300 cm was 351 ± 18 Mg 

C ha-1. On average, 76 ± 1% of the soil carbon pool was located below 15 cm, 58 ± 2% was 

located below 30 cm, and 27 ± 2% was located below one meter (Figure 3.1). The upper 1 m 

contained 259 ± 18 Mg C ha-1on average, the 1-2 meter interval contained 64 ± 4 Mg C ha-1, and 

the 2-3 meter interval contained 29 ± 5 Mg C ha-1. The forest floor, on average, contained 12.6 ± 

1.2 Mg C ha-1, excluding two plots for which measurements were missing (Blocks 1 & 3: 

BO+VC).  

 
Figure 3.1 Mean soil carbon content and carbon concentration across all measured soil 

profiles and the forest floor. 
 

We found no statistically significant difference in cumulative soil carbon content between 

treatments 15 years after their installation, regardless of sampling depth (Figure 3.2). Average 

total soil carbon to a depth of 3 meters was 343 ± 26 Mg C ha-1 for the BO+VC treatments, 352 ± 

44 Mg C ha-1 for the TTP+VC treatments, and 359 ± 35 Mg C ha-1 for the BO-VC treatments 

(Table 3.1).  
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Figure 3.2 Cumulative soil carbon content by depth to 300 cm. BO+VC: Bole only removal 

plus vegetation control; BO-VC: Bole only removal without vegetation control; TTP+VC: Total 
tree plus coarse woody debris removal with vegetation control.  Each point indicates the 
treatment average for cumulative carbon content as measured at that depth interval. Statistical 
difference in cumulative carbon content between treatments was not found at any depth interval 
measured (α = 0.10).  
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Table 3.1 Estimated treatment averages for soil carbon concentration, carbon content, and 
total accumulated carbon by depth from ANOVA. BO+VC: Bole only removal plus vegetation 
control; BO-VC: Bole only removal without vegetation control; TTP+VC: Total tree plus coarse 
woody debris removal with vegetation control. Standard error shown in parentheses; * indicates 
n = 3 due to the presence of an impermeable layer at 200 cm (TPP+VC, Block 4), for all other 
tests n = 4. 

Depth Treatment 
Bulk 

Density 
(g cm-3) 

Concentration 
(%) 

Content 
(g cm-3) 

Total 
Accumulated 
(Mg C ha-1) 

0-15 
BO-VC 0.59 (0.13)  14.27 (6.99) 0.057 (0.006) 86.2 (9.2)  
BO+VC 0.81 (0.07) 6.86 (1.03) 0.053 (0.005) 80.0 (7.9) 
TTP+VC 0.64 (0.10) 9.59 (3.16) 0.055 (0.008) 82.1 (12.3) 

15-30 
BO-VC 0.85 (0.07) 5.57 (0.73) 0.046 (0.005) 156.0 (17.0) 
BO+VC 1.00 (0.09) 3.94 (0.86) 0.038 (0.008) 136.7 (18.7) 
TTP+VC 0.93 (0.09) 5.07 (1.33) 0.045 (0.010) 148.9 (26.5) 

30-50 
BO-VC 0.84 (0.04) 3.51 (1.01) 0.028 (0.008) 212.9 (29.6) 
BO+VC 1.07 (0.06) 2.64 (0.52) 0.027 (0.004) 191.6 (26.9) 
TTP+VC 0.96 (0.07) 3.44 (1.08) 0.032 (0.008) 212.5 (39.0) 

50-100 
BO-VC 1.11 (0.07) 0.82 (0.08) 0.009 (0.001) 259.3 (34.1) 
BO+VC 1.17 (0.03) 1.01 (0.18) 0.012 (0.002) 251.0 (26.2) 
TTP+VC 1.13 (0.06) 0.96 (0.28) 0.011 (0.003) 265.9 (39.5) 

100-150 
BO-VC 1.16 (0.04) 0.59 (0.05) 0.007 (0.001) 293.7 (37.4) 
BO+VC 1.30 (0.03) 0.71 (0.08) 0.009 (0.001) 297.1 (27.4) 
TTP+VC 1.10 (0.06) 0.56 (0.07) 0.006 (0.001) 296.9 (38.8) 

150-200 
BO-VC 1.37 (0.10) 0.42 (0.03) 0.006 (0.000) 322.3 (38.0) 
BO+VC 1.30 (0.06) 0.39 (0.12) 0.005 (0.001) 321.3 (27.0) 
TTP+VC 1.32 (0.09) 0.47 (0.12) 0.005 (0.002) 323.1 (39.7) 

200-250 
BO-VC 1.13 (0.07) 0.37 (0.13) 0.004 (0.001) 342.4 (35.6) 
BO+VC 1.23 (0.05) 0.21 (0.03) 0.003 (0.000) 334.1 (26.3) 
TTP+VC 1.32 (0.07)* 0.21 (0.06)* 0.003 (0.001)* 337.6 (39.0) 

250-300 
BO-VC 1.07 (0.04) 0.32 (0.10) 0.003 (0.001) 359.0 (35.4) 
BO+VC 1.23 (0.04) 0.14 (0.03) 0.002 (0.000) 343.0 (26.4) 
TTP+VC 1.07 (0.12)* 0.21 (0.04)* 0.003 (0.001)* 351.6 (40.0) 

 
 

However, the effect of treatment on the carbon content of individual depth intervals was 

found to be significant at the 250-300 cm depth interval (p = .081, F-test) (Figure 3.3). At this 

interval, the BO-VC treatment had a significantly higher average carbon content than the 

BO+VC treatment (p = .07, Tukey HSD), which contained 16.6 ± 4.4 Mg C ha-1 and 8.9 ± 2.0 

Mg C ha-1, respectively. TTP+VC was intermediate containing 14.0 ± 2.5 Mg C ha-1. 
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Figure 3.3 Mean soil carbon content by treatment at each depth interval. BO+VC: Bole only 

removal plus vegetation control; BO-VC: Bole only removal without vegetation control; 
TTP+VC: Total tree plus coarse woody debris removal with vegetation control. Error bars 
indicate standard error. Significant difference between treatments (α = 0.10) is indicated by an 
asterisk (*).  
 

The effect of treatment on carbon concentration was also significant in the 250-300 cm 

interval at p = .097 (F-test) (Figure 3.4), as BO-VC had a significantly higher mean of 0.32 ± 

0.10% carbon than the BO+VC treatment, which had a mean carbon concentration of 0.14 ± 

0.03% (p = .094, Tukey HSD). TTP+VC was not significantly different from either of the other 

two treatments, with a concentration of 0.21 ± 0.04%.  

 



 51 

 
Figure 3.4 Mean soil carbon concentration by treatment at each depth interval. BO+VC: Bole 

only removal plus vegetation control; BO-VC: Bole only removal without vegetation control; 
TTP+VC: Total tree plus coarse woody debris removal with vegetation control. Error bars 
indicate standard error. Significant difference between treatments (α = 0.10) is indicated by an 
asterisk (*). Carbon concentration is plotted on a log scale to better illustrate the difference 
between treatments at the low concentrations found deeper in the profile.  
 

Though BO-VC is only significantly greater in carbon concentration and content than 

BO+VC in the deepest interval, throughout all depths, with the exception of 50-100 cm and 100-

150 cm, there is a trend such that the mean carbon concentration and content of BO-VC is 

consistently greater than the mean of BO+VC (Figure 3.3, Figure 3.4). The carbon content and 

concentration of TTP+VC tends to fall in the middle, though this treatment is somewhat more 

variable in regards to its relation to the other two. 

A pattern opposite to that found in carbon concentration appears between treatment 

means for bulk density such that in all intervals, with the exception of 150-200 cm, the bulk 

density of BO-VC is lower than BO+VC (Figure 3.5). This treatment effect is significant in the 

30-50 cm interval (p = .096, F test), in which the mean bulk density of BO+VC (1.07 ± 0.06 g 

cm-3) is significantly greater than the mean bulk density of the BO-VC treatment (0.84 ± 0.04 g 

cm-3) (p = .087, Tukey HSD). The bulk density of TTP+VC also tends to fall between the other 

two treatments. Treatment had a significant effect on bulk density in the 100-150 cm interval (p 

= .082, F test), as TTP+VC displayed significantly lower bulk density (1.10 ± 0.06 g cm-3) than 
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BO+VC (1.30 ± 0.03 g cm-3) (p = .076, Tukey HSD). In the 200-250 cm interval, treatment was 

also significant (p = .086, F test), but in that interval the bulk density of TTP+VC (1.32 ± 0.07 g 

cm-3) was significantly higher than BO-VC (1.13 ± 0.07 g cm-3) (p = .04, Tukey HSD).  

 
Figure 3.5 Mean bulk density by treatment at each depth interval. BO+VC: Bole only 

removal plus vegetation control; BO-VC: Bole only removal without vegetation control; 
TTP+VC: Total tree plus coarse woody debris removal with vegetation control. Error bars 
indicate standard error. Significant difference between treatments (α = 0.10) is indicated by an 
asterisk (*).  
 

Throughout the profile, the expected increase in bulk density with depth is apparent to a 

depth of 100 cm, after which bulk density values level off but become more variable (Figure 

3.5). Results of Pearson correlation analysis across all samples indicated that there is a 

statistically significant correlation between bulk density and carbon concentration such that bulk 

density decreases as carbon concentration increases (r= -0.777, n=94, p < .01, two-tailed) (Figure 

3.6). This correlation is particularly evident at higher carbon concentrations in the upper part of 

the profile; at carbon concentrations below approximately 1%, which predominantly occur below 

100 cm, bulk density values become much more variable. It is possible that this increased 

variability is an artifact of the difficulties of sampling the deepest layers of the profile. 
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Figure 3.6 Bulk density values for all samples analyzed plotted as a function of carbon 

concentration. Note the log scale on the x-axis.  
 

Multiple comparisons between sampling depths indicated that each sampling interval to a 

depth of 150 cm significantly increased the total measured carbon content of the profile (p ≤ 

.001, Tukey HSD) (Figure 3.7). Further, cumulative carbon content significantly increased from 

150 cm to 250 cm (p = .003, Tukey HSD), and from 150 cm to 300 cm (p < .001, Tukey HSD).  

 

 
Figure 3.7 Mean total carbon at each depth interval. Error bars indicate standard error of the 

mean. Mean carbon is not significantly different between intervals followed by the same letter, 
as indicated by Tukey’s Honestly Significant Difference (p < .10). 
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3.4 DISCUSSION 

The lack of significant difference in cumulative soil carbon between treatments is 

indicative of the stability of soil carbon pools in this Andisol. The use of more intensive 

management practices, including removing extra biomass for use as biofuels, may not deplete 

carbon pools at this site or at similar deep, highly productive soils. This indicates that these 

practices may be sustainable over the long term. Though vegetation control resulted in a 

significant difference in carbon content at the lowest depth, the relative content of that depth 

interval was quite small, and there was no difference in the total soil carbon pool. Therefore, the 

effects of vegetation control on soil carbon may also be sustainable in the long term. However, as 

there was a non-significant trend such that mean soil carbon tended to be lower in the BO+VC 

treatment than the BO-VC treatment, special attention to changes in soil carbon when vegetation 

control treatments are applied may be necessary to ensure continued sustainability.  

Soil characteristics, particularly mineralogy and texture, may play an important role in 

determining how much carbon is stored at depth and if soil organic matter at a particular site is 

resistant to change. Soils similar to Fall River have some of the highest carbon contents across 

the region, both in total and at depth (James et al., 2014). An abundance of iron and aluminum 

oxides, which have been shown to stabilize carbon by adsorbing organic matter onto reactive 

mineral surfaces and forming organo-mineral complexes (Torn et al., 2002; Mikutta et al., 2006; 

Jandl et al., 2007), contributes to this soil’s considerable ability to adsorb organic acids (Strahm 

and Harrison, 2008). 

Soils with different mineralogical characteristics may have a lower proportion of carbon stored 

deep in the profile, but may be more responsive to the same treatments.  
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Further research into the effects of mineralogy on the sensitivity of deep soil carbon to 

treatments may provide insight into the drivers of carbon stabilization, as results from studies on 

the effects of biomass removal treatments have thus far been inconclusive. Mendham et al. 

(2002) found that excess biomass removal treatments resulted in differences in soil organic 

carbon in sandy soils but not in clayey soils, although the sampling depth of this analysis was 

limited to 20 cm. However, Olsson et al. (1996) and Laclau et al. (2010) found no significant 

change as result of excess biomass removal on soils with very low clay contents, though 

Olsson’s analysis was restricted to the upper 20 cm and Laclau analyzed only the upper 1 m of 

the profile.  

Though vegetation control was not found to have a significant effect on total soil carbon 

at Fall River, previous studies on its effects have also produced differing results. Some studies 

produced results similar to ours, indicating that vegetation control has no effect on total soil 

carbon when assessed at depths ranging from 20 cm to 1 m (McFarlane et al., 2009, 2010; 

Powers et al., 2013). However, a number of studies, with sampling depths ranging from 30 cm to 

1 m, have shown that the presence of competing vegetation results in higher levels of soil carbon 

compared to vegetation control treatment plots in similarly aged stands (Shan et al., 2002; Miller 

et al., 2006; Hoepting et al., 2011). These studies have suggested that higher levels of soil carbon 

in the treatments that allow the growth of competing vegetation are due to the input of fine roots 

and detritus from understory plants in the early years of tree growth. These results are in line 

with the observed, but non-significant, trend of lower soil carbon in vegetation control plots 

throughout the majority of the soil profile at Fall River.  

Though we did not detect a change in total carbon between vegetation control treatments, 

our analysis did indicate a difference in carbon concentration and content at the deepest sampling 
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interval: plots with vegetation control contained significantly less carbon than the plots without 

vegetation control. We did not study potential mechanisms for this difference in carbon in the 

deepest layers, but it is possible that the difference is due to differences in rooting depth between 

treatments in the early years of stand development. It is not uncommon for some species, 

including Douglas-fir, to increase biomass allocation to roots under dry conditions in order to 

access a larger volume of soil and reach deeper sources of moisture (Chan et al., 2003; Hutchings 

and John, 2003). Though there have been no studies of root density at this site, measurements of 

soil moisture in years 2-5 indicated that conditions were significantly moister in the BO+VC 

treatment than the BO-VC treatment, with TTP+VC falling in the middle (Devine and 

Harrington, 2006; Ares et al., 2007a). The drier conditions observed in the BO-VC plots are 

presumed to be due to the depletion of soil moisture by competing vegetation, though the 

shading effect of biomass left on-site in the BO treatments may reduce evaporation from the soil 

surface. Monitoring through year 5 of the study indicated that this difference in available soil 

water resulted in corresponding differences in tree growth (Devine and Harrington, 2006; Ares et 

al., 2007a). Trees in the BO+VC plots were significantly larger than the trees in the BO-VC 

plots, with TTP+VC once again falling between the other two treatments. This difference in 

aboveground biomass suggests that the trees in the drier plots may have allocated more biomass 

to their root systems in order to attain sufficient moisture. This additional allocation of carbon 

belowground could explain the significant difference in carbon between treatments in the deepest 

interval measured, and the corresponding pattern of treatment means appearing in shallower 

intervals. 

Analyses of differences in bulk density, which are not statistically significant between 

treatments in the 250-300 cm interval, indicate that carbon concentration, rather than bulk 
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density, is the primary driver of the significant difference in carbon content in that interval. 

Rather, carbon concentration appears to be a driver for bulk density; complementary trends in 

carbon concentration and bulk density were apparent in most depth intervals. As increased 

organic matter is known to decrease bulk density, this trend and the significant correlation 

between the two is not surprising (Ruehlmann, 2009). However, the complementary trend 

between these two independently measured variables may serve as further evidence for a 

treatment effect on soil carbon such that the BO-VC treatment results in higher, though not 

statistically significant, carbon concentrations than the BO+VC treatment throughout the 

majority of the profile.  

Our results indicated that there was a significant pool of carbon below depths typically 

measured. Multiple comparisons of cumulative carbon between sampling depths indicated that 

there is a significant difference in total carbon between the 150 cm and 300 cm sampling depth, 

justifying the benefit of deep sampling in this soil in order to accurately assess soil carbon pools. 

The majority of soil organic carbon was located below 30 cm (58.1%). Including the 1-3 m 

interval in analysis increases the carbon pool by 35.8% as compared to only including the upper 

1 m. Standard sampling practices would therefore significantly underestimate carbon pools at 

this site. In fact, there was slightly more carbon stored on average in the deepest interval 

measured (13.1 ± 2.0 Mg C ha-1) than in the forest floor (12.6 ± 1.2 Mg C ha-1), indicating that 

though concentrations may be low, the sheer volume of deep soils results in a large pool of 

carbon, which is often overlooked.  

As soils are the largest pool of terrestrial carbon (Eswaran et al., 1993; Sundquist, 1993; 

Jobbagy and Jackson, 2000; Rustad et al., 2000; Scharlemann et al., 2014), underestimation of 

the amount of carbon stored in soil profiles due to shallow sampling may limit the accuracy of 
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coupled carbon-climate models. The amount of carbon stored at depth at this site and the 

increased sensitivity of the deepest layers to change highlights the importance of quantifying 

deep soil carbon pools and understanding the processes that control them. Increased sampling of 

deep soil carbon pools across a variety of soil types and environments will be necessary in order 

to fully understand the implications of the effects of changing environments and management on 

soil carbon pools for global carbon cycling. 
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Chapter 4. EFFECTIVENESS OF ENHANCED MINERAL 

WEATHERING AS A CARBON 

SEQUESTRATION TOOL AND ALTERNATIVE 

TO AGRICULTURAL LIME: AN INCUBATION 

EXPERIMENT 

Published as: Dietzen, C., R. Harrison, and S. Michelsen-Correa. 2018. Effectiveness of 
enhanced mineral weathering as a carbon sequestration tool and alternative to agricultural 
lime : An incubation experiment. Int. J. Greenh. Gas Control 74: 251–258. doi: 
10.1016/j.ijggc.2018.05.007 

 
Abstract: Applying finely ground silicate minerals to soils could mitigate CO2 emissions by 

enhancing the rate of carbon sequestration via silicate weathering. Using these minerals instead 

of agricultural lime to increase soil pH would also eliminate the dissolution of lime as a major 

source of agricultural CO2 emissions. However, dissolution rates of silicate minerals in the soil 

environment are uncertain and impacts of their application on the decomposition of soil organic 

matter have yet to be determined. A 3-month soil incubation was performed to investigate the 

effects of olivine, a highly weatherable silicate mineral, at two application rates (OLIVlow, 

OLIVhigh) on soil CO2 flux, available Mg and Al, and pH in comparison to control and lime-

amended soils. There was no difference in cumulative net CO2 flux between the olivine-amended 

soils and the control though total flux from the limed soils was 221% higher than the control. 

Heterotrophic respiration was also greatest in the lime-amended soils.  The weathering rate of 

OLIVlow (26.7%) was higher than of OLIVhigh (7.1%), but both treatments increased soil pH to a 

level sufficient to overcome aluminum toxicity. Our results suggest that olivine amendments are 

an effective tool for carbon sequestration and a suitable replacement for lime.  
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4.1 INTRODUCTION 

Global agricultural productivity is limited by soil acidity, which impacts over 50% of the 

world’s potentially arable land (von Uexküll and Mutert, 1995). The use of agricultural lime 

(CaCO3) to raise soil pH has therefore increased the amount of land available for cultivation and 

greatly improved crop yields (Sumner and Noble, 2003; Yamada, 2005). However, the 

dissolution of agricultural lime is a major source of atmospheric CO2 (West and McBride, 2005). 

Alternative methods of increasing soil pH that do not result in high rates of CO2 production 

would be preferable from the standpoint of reducing global warming. Continually rising 

atmospheric CO2 concentrations have rendered agricultural practices that result in CO2 

sequestration rather than production particularly desirable. Replacing agricultural lime with 

silicate minerals could be a viable strategy for raising soil pH while simultaneously sequestering 

carbon.   

Silicate minerals have long been applied to both agricultural soils in the tropics and forest 

soils in Europe as a mineral fertilizer that has the added benefit of increasing soil pH (Gillman et 

al., 2002; Van Straaten, 2006; Anda et al., 2009, 2015). Uptake of CO2 through the weathering of 

silicate minerals is the primary regulator of atmospheric CO2 concentrations on geologic time 

scales (Gislason and Oelkers, 2008). However, the natural rate of uptake by weathering is not 

sufficient to negate anthropogenic CO2 emissions, which are produced at a rate over 35 times 

higher than the natural rate of carbon sequestration via weathering (Amiotte Suchet et al., 2003; 

Olivier et al., 2016).  

Using finely ground silicate minerals as a replacement for agricultural lime would expose 

these minerals to soil acidity, enhancing their weathering rate to expedite CO2 consumption and 

serve as a low-risk method of mitigating anthropogenic CO2 emissions (Schuiling and 
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Krijgsman, 2006; Hangx and Spiers, 2009; Beerling et al., 2018). The consumption of protons 

during the weathering of applied silicate minerals would also increase soil pH, though few 

studies have quantified the magnitude of this effect (ten Berge et al., 2012; Renforth et al., 2015). 

Model results indicate that sufficient application of such minerals to weathering hotspots could 

draw atmospheric CO2 concentrations back down to 350-390 ppm by 2100 (Taylor et al., 2015). 

However, due to the paucity of experimental data, it is unclear how the application of silicate 

minerals may affect soil properties, including soil pH and the decomposition rate of soil organic 

carbon.  

The weathering of silicate minerals consumes dissolved CO2 by neutralizing carbonic 

acid (H2CO3) to produce bicarbonate (HCO3
-), silicic acid (H4SiO4), and base cations in solution 

(i.e Ca2+, Mg2+, Na+, and K+) (Equation 1). These reaction products may then be leached out of 

the soil and transported to the ocean. The resulting influx of bicarbonate contributes to ocean 

alkalinity, thus counteracting ocean acidification. If the additional bicarbonate precipitates as 

biogenic carbonates, a portion of this carbon can then be permanently sequestered in geologic 

formations by forming limestone or dolomite seabeds. (Wallmann and Aloisi, 2012) 

 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏: 𝑀𝑔!𝑆𝑖𝑂! + 4𝐶𝑂! + 4𝐻!𝑂 → 2𝑀𝑔!! + 4𝐻𝐶𝑂!! + 𝐻!𝑆𝑖𝑂!

→ 2𝑀𝑔𝐶𝑂! + 𝑆𝑖𝑂! + 2𝐶𝑂! + 2𝐻!𝑂 

Equation 1: Weathering reaction of Mg-olivine (forsterite), an abundant silicate mineral, and 
ensuing precipitation of magnesium carbonate. The weathering reaction results in 4 moles of 
CO2 consumed per mole of olivine weathered. The precipitation of carbonate minerals results in 
more permanent sequestration but reduces the amount of CO2 sequestered by 50%.  

 

For the consumption of CO2 by weathering of applied minerals to occur on useful time 

scales, it would be necessary to select silicate minerals that are easily weatherable. Volcanic 

rocks with low silica content and poor or glassy crystal structure weather the most quickly 
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(Gislason and Oelkers, 2011). Of the major silicate minerals, olivine, which is common in basic 

igneous rocks, is the most rapidly weathered (Schuiling and Krijgsman, 2006). 

Exposure to soil acidity enhances mineral weathering rates; soil organic acids in 

particular are dominant drivers of mineral dissolution in the soil (Berner and Berner, 2012). The 

presence of oxalic acid, for example, has been observed to increase forsterite (Mg-olivine) 

dissolution rates by as much as 600% (Olsen and Rimstidt, 2008). Additionally, the 

decomposition of soil organic matter renders the pCO2 of the soil pore space 10 to 100 times 

higher than the pCO2 of the atmosphere (Bohn et al., 1985). This elevated pCO2 increases the 

concentration of carbonic acid in the soil solution and further enhances weathering rates. 

However, very acidic soils may neutralize a portion of the bicarbonate produced to re-emit CO2, 

reducing net carbon sequestration.   

On the other hand, the standard practice of neutralizing soil acidity with agricultural lime 

adds to agricultural greenhouse gas emissions (West & McBride, 2005), which are the second 

largest source of greenhouse gasses globally (IPCC, 2014). The United States alone emits 

between 4.4 and 13.4 Tg CO2 per year from the dissolution of agricultural lime (West and 

McBride, 2005). This large range in estimates is due in part to the challenge of determining the 

relative amounts of weathering carried out by carbonic acid and other, stronger acids. The 

relative importance of carbonic acid in the weathering process can vary with soil pH and 

agricultural practices (Semhi et al., 2000; Hamilton et al., 2007; Perrin et al., 2008). Strong 

mineral acids, such as nitric acid (HNO3), which is derived from the dissolution of nitrogen 

fertilizers or from inputs by acid rain, can also play an important role in carbonate weathering 

(Semhi et al., 2000; Hamilton et al., 2007; Perrin et al., 2008). Though the dissolution of lime by 
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carbonic acid effectively converts CO2 to bicarbonate (Equation 2), its dissolution by strong 

acids like nitric acid produces CO2 (Equation 3). 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐: 𝐶𝑎𝐶𝑂! + 𝐶𝑂! +  𝐻!𝑂 → 𝐶𝑎!! + 2𝐻𝐶𝑂!! →  𝐶𝑎𝐶𝑂! + 𝐶𝑂! + 𝐻!𝑂 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑: 𝐶𝑎𝐶𝑂! + 2𝐻𝑁𝑂! → 𝐶𝑎!! + 2𝑁𝑂!! + 𝐶𝑂! + 𝐻! 

There is therefore some debate as to whether the dissolution of lime is in fact a source or 

sink of CO2. The IPCC assumes that all carbon applied as lime becomes CO2 upon dissolution 

(Houghton et al., 1997), but some studies indicate that the net effect of the dissolution of applied 

lime is to consume CO2 (Oh and Raymond, 2006; Hamilton et al., 2007). Though the bicarbonate 

produced when lime is dissolved by carbonic acid serves as a temporary carbon sink, the release 

of CO2 during the eventual reprecipitation of carbonate minerals renders this reaction a carbon 

neutral process in the long term (Equation 2). This temporary sink may be relevant to addressing 

elevated atmospheric CO2 concentrations in the short term, but more research defining its 

residence time is needed (Hamilton et al., 2007).  

Alternatively, the weathering of olivine by carbonic acid consumes twice as much CO2 as 

the dissolution of lime, making it a more effective soil amendment with respect to carbon 

sequestration (Figure	4.1). However, the weathering effect of strong acids also needs 

consideration when assessing the carbon sequestration potential of silicate minerals, particularly 

when soil pH is below 5 (Plummer et al., 1979). The dissolution of silicate minerals by nitric 

acid, for example, does not produce carbonate alkalinity, and would therefore reduce the carbon 

sequestration efficiency of the process. Nonetheless, given that dissolution of agricultural lime 

by nitric acid is a source of CO2, the replacement of lime with an alternative soil amendment 

would be still more critical in terms of preventing CO2 emissions if such acids play a strong role 

in mineral dissolution in a particular environment.  



 64 

 

Figure 4.1 Carbon fluxes induced by the application of olivine and agricultural lime (CaCO3) 
to soils. Black arrows indicate known CO2 fluxes and are scaled based on the magnitude of flux 
in moles of carbon per mole of applied soil amendment. Shaded arrows represent unknown CO2 
fluxes that would result if the amendments increase soil organic matter decomposition, which 
this experiment aims to assess, or net primary productivity. The size of these shaded arrows is 
not representative of expected flux sizes. Green represents olivine, gray represents CaCO3, and 
brown represents soil organic matter. The reacting acid is indicated within the treatment box, 
with nitric acid (HNO3) representing strong acids that may weather applied minerals instead of 
carbonic acid (H2CO3).  
 

However, the potential effects of applied silicate minerals on soil organic carbon (SOC) 

have yet to be addressed by those promoting the use of enhanced mineral weathering as a carbon 

sequestration technique. It is well established that microbial activity increases with increasing 

pH, which can result in faster turnover of soil organic matter (Fuentes et al., 2006; Paradelo et 

al., 2015). Therefore, raising soil pH by the addition of olivine has the potential to increase SOC 

loss by decomposition, reducing the efficiency of carbon uptake by enhanced mineral 

weathering.  

Before the application of silicate mineral amendments can be considered as a 

management tool for carbon sequestration, it is critical that any effects on SOC are assessed. 

This study aimed to determine if increases in decomposition with the application of olivine 
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outweighed the uptake of carbon by enhanced weathering. To do this, we examined the effects of 

these amendments on heterotrophic respiration and estimated the consumption of CO2 associated 

with mineral weathering. As silicate minerals may replace lime, it is also necessary to compare 

the effects of olivine amendments with the effects of agricultural lime applications and assess 

differences in net soil CO2 flux between the two treatments. A liming treatment was included in 

the study for this purpose.  

We also endeavored to assess the effectiveness of olivine as an alternative to agricultural 

lime. To this end, we compared the effects of these amendments on soil pH. As high levels of 

exchangeable aluminum at low pH are often the limiting factor for plant productivity in acidic 

soils (Adams, 1984), we also tested the effects of olivine on aluminum availability.  

Though it is known that olivine dissolution proceeds most quickly in warm, moist, low-

pH environments (Hangx and Spiers, 2009) and there is general consensus that organic anions 

and high molecular weight organic acids act to increase the rate of olivine dissolution (Wogelius 

and Walther, 1991; Olsen and Rimstidt, 2008), only two studies have attempted to quantify 

weathering rates of applied olivine in the soil environment (ten Berge et al., 2012; Renforth et 

al., 2015). Uncertainty surrounding dissolution rates has therefore resulted in a wide range of 

predicted values for the amount of CO2 the weathering of applied olivine has the potential to 

sequester (Renforth, 2012). The extent to which olivine application rates may influence 

dissolution is also unclear, though such information is critical to maximizing the efficiency of 

this process. Our study therefore included two application rates with the goal of quantifying 

olivine dissolution as a function of the amount applied.  
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4.2 METHODS 

4.2.1 Sampling and Analyses 

Soil samples were taken from Nørholm Hede, a heathland in southwestern Denmark. This 

site was chosen for its organic-rich, acidic soils and because it had not been managed as an 

agricultural field since the 1890’s, eliminating any risk of the presence of residual applied lime 

which could impact our results. Though these highly acidic soils are not reflective of typical 

agricultural soils, the soil properties at this site increased the probability of detecting any effects 

of olivine applications within the short time frame of our incubation. The low pH of these soils 

was expected to increase the rate of mineral dissolution, whereas the high carbon content was 

likely to magnify the effect size of any impacts on the decomposition of soil organic matter. The 

results of this study therefore represent an approximate upper limit to the impacts of mineral 

applications.  

Soils at the site were developed on glacial sand and are classified as sandy podzols. The 

undisturbed portion of the heathland has a typical podzol profile, but in the previously cultivated 

area from which our samples were taken the A horizon has been mixed with the E horizon in a 

plough layer. Our samples were taken from the organic-rich top 0-10 cm of the soil in an area 

dominated by the perennial grass Deschampsia flexuosa (L.). The initial pH was 3.55, and the 

soil carbon concentration was 5.49%. (Evelien, 2012)   

The moist-weight equivalent of 20 g of dry soil was placed into each of forty 110 ml 

bottles after being sieved to 2 mm. Any roots that passed through the 2 mm sieve remained in the 

samples. These samples were then divided into four treatment groups: control, lime, high olivine 

(OLIVhigh), and low olivine (OLIVlow). For our treatments we used a finely ground olivine and a 

finely ground lime, both of which had a d50 grain size of 20 microns. This lime was determined 



 67 

to be 97% CaCO3 based on acid digestion according to EPA Method 3050 followed by 

inductively coupled plasma atomic emission spectrometry (ICP-AES). Our olivine powder was 

primarily composed of forsterite, containing 22.3% Mg and only 3.62% Fe by mass as 

determined by ICP-AES following acid digestion according to AOAC Method 957.02. The 

chemical composition of the applied olivine is shown in Table	4.1.  

Table 4.1 Chemical Composition of Olivine 

 Content (%) 
Mg 22.30 
Fe 3.62 
Al 0.70 
Ni 0.232 
Ca 0.31 
Cr 0.157 
K 0.065 
Na 0.043 
S 0.022 
 

To the ten lime-amended samples, 0.16 g of lime (.008 glime gsoil
-1 ) was added and 

thoroughly mixed into the soil (Table	4.2). Similarly, 0.16 g of olivine was added to the OLIVlow 

treatment, and 0.80 g of olivine (.04 goliv gsoil
-1 ) was added to the OLIVhigh treatment. All 

samples, including the controls, were mixed for the same amount of time in order to ensure 

similar amounts of disturbance. Soils were then packed down in the chambers to a bulk density 

of approximately 1.245 g cm-3. 

Table 4.2 Treatment application rates. 

Treatment Amount applied 
(g gsoil

-1) 
Control - 
Lime 0.008 
OLIVlow  0.008 
OLIVhigh  0.04 
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The higher olivine application rate was chosen to match the 5 kg m-2 yr-1 of harzburgite, 

an olivine rich rock, that Taylor et al. (2015) estimated would result in a drawdown of CO2 

sufficient to return atmospheric CO2 concentrations to approximately 350 ppm by 2100 if 

applied to weathering hotspots, assuming a 10 cm mixing depth. Without this harzburgite 

application, atmospheric CO2 concentrations are otherwise predicted to reach 540 ppm by 2100 

under the IPCC’s RCP 4.5 medium-level mitigation scenario (Taylor et al., 2015). OLIVhigh was 

therefore intended to represent an application rate large enough to substantially impact 

atmospheric pCO2. The application rate for OLIVlow and lime was selected with several factors 

in mind. This application rate matched Taylor et al.’s 1 kg m-2 yr-1 application rate, which under 

the same conditions as previously described is expected to decrease CO2 concentrations by ~140 

ppm compared to the standard RCP4.5 scenario. It was also not considerably higher than the 

approximately 0.006 glime gsoil
-1 recommended to raise soil pH from 3.5 to 6.5 according to the 

manufacturer’s instructions (Columbia River Carbonates). These application rates also fall 

within the range of olivine application rates used as treatments by ten Berge et al. (2012) 

(0.000727, 0.00364, 0.0182, and 0.105 goliv gsoil
-1), allowing for comparison with their results.  

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟒: 𝐹!"# = 𝐹!"#$ + 𝐹!"## − 𝐹!"#$!!"#$% 

The net flux of CO2 between the incubated soil and the atmosphere (Fnet) reflects the 

combination of heterotrophic soil respiration (Fresp) and CO2 produced by the dissolution of lime 

(Fdiss), if applicable, less any consumption of CO2 due to mineral weathering (Fweathering) 

(Equation 4). Fnet was determined by measuring the CO2 concentration in the headspace of the 

closed chamber with an SBA-5 infrared gas analyzer (PP Systems, Amesbury, MA), connected 

via a closed loop. As the CO2 flux from the soil decreases as the headspace pCO2 increases, 

linearly determining the flux rate based on the first and last measurement would underestimate 
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the rate of CO2 accumulation in the chamber. Therefore, the Hutchinson-Mosier non-linear 

exponential regression model was used to calculate the initial Fnet in µmol CO2 day-1 g-soil-1 

from a continuous time series of headspace CO2 measurements (Hutchinson and Mosier, 1981; 

Pihlatie et al., 2013). Measurements started from standard initial concentration of 425 ppm. The 

length of the sampling period ranged from 1 to 3 minutes over the course of the experiment 

based on the rate of CO2 production, but the same measurement period was used for all samples 

at each time point.  

Initial measurements were taken after two days of pre-incubation following the addition 

of treatments to the samples. Measurements were taken over the course of three months on days 

3, 5, 7, 10, 13, 20, 27, 41, 69, and 97 after the addition of treatments. Throughout the experiment, 

de-ionized water was added after flux measurements to maintain soil moisture approximating 

field conditions. Samples were stored at room temperature (20-25° C) and left uncovered 

between measurements to prevent the buildup of CO2 from inhibiting microbial activity.  

  After the 3-month incubation period, samples were oven dried at 60° C for 48 hours, re-

homogenized, and split into three sets of subsamples for additional analyses. Soil pH was 

measured in a 1:1 mixture of soil and deionized water (Burt, 1996). Subsamples of the control 

and olivine treated soils were subjected to 1 M NH4NO3 extraction. 30 ml of 1 M NH4NO3 were 

added to 3 g of soil, which was shaken over night. After centrifuging for 10 minutes, the 

supernatant was retained. This process was repeated two more times with 10 ml 1 M NH4NO3 

and 10 minutes of shaking before centrifuging. The resulting solution was then vacuum-filtered 

through a 0.22 µm Millex-GP filter (Millipore) and analyzed for exchangeable cations, including 

Mg and Al, by ICP-AES.  
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 The fraction of olivine weathered (%Ow) was calculated by subtracting the amount of 

exchangeable Mg in the control samples (Mgcontrol) from the amount of exchangeable Mg in the 

olivine-treated samples (MgOLIV), and dividing by the total amount of Mg applied as olivine 

(Mgapplied) (Equation 5) (ten Berge et al., 2012).  

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟓: %𝑂! = (𝑀𝑔!"#$ −𝑀𝑔!"#$%"&) / 𝑀𝑔!""#$%& 

In making this calculation, we assumed stoichiometric dissolution. This is a reasonable 

assumption as magnesium from weathering olivine has been shown to dissolve congruently with 

silica in conditions comparable to the soil environment after an initial period in which 

preferential removal of cations by organic acids results in an silica rich phase developed on the 

surface (Barman et al., 1992; Olsen and Rimstidt, 2008). However, there is evidence that some 

organic acids may preferentially remove iron over magnesium, which could result in an 

underestimation of the amount of olivine weathered when using magnesium as a proxy (Barman 

et al., 1992). The theoretical upper limit for CO2 consumption by olivine weathering is 4 moles 

of CO2 per mole of olivine to produce 4 moles of bicarbonate (Equation 1). This 4:1 ratio was 

used to estimate the amount of CO2 that was converted to bicarbonate by weathering of the 

applied olivine, assuming that carbonic acid was the driver of all weathering.  

4.2.2 Statistical Analyses 

Differences in Fnet over time between treatments were compared using a linear mixed effects 

model (“lme” in R Version 3.2.3) with sample number as a random intercept term to account for 

repeated measures and treatment and day as categorical fixed effects (α=0.05) (Pinheiro et al., 

2017). Heterogeneity of variances was corrected for by allowing variances to differ for each 

treatment and day. The first four measurements from day 69, one from each treatment, were 

suspected to be influenced by measurement errors and were therefore removed. Post hoc 
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comparisons using Tukey’s tests (“lsmeans” in R) were used to interpret significant interactions 

(α=0.05).  

The cumulative Fnet over the course of the experiment (Fnet, tot) for each sample was 

determined by calculating the area under the curve of Fnet rates over time (Prism 7, La Jolla, CA). 

We calculated the cumulative soil respiration (Fresp.tot) of the olivine-amended samples by adding 

the amount of CO2 consumed by olivine weathering (Fweathering) to Fnet, tot. As our methods did not 

allow us to separate out lime-derived CO2 from microbially respired CO2, we were only able to 

calculate a minimum value for Fresp.tot for our lime-amended samples. To do this we subtracted 

the amount of CO2 that would be produced if all of the added lime-C were converted to CO2 

from Fnet, tot. Though there is significant uncertainty in this estimate, any deviations from our 

assumed conditions would result in a larger value for Fresp.tot of the limed samples. We are 

therefore confident in this calculated minimum, which allows for comparison with other 

treatments. In the control samples, Fresp.tot was equivalent to Fnet, tot. 

  Differences in Fnet, tot, Fresp.tot, exchangeable Mg and Al, and pH were tested across 

treatments by one-way ANOVA followed by Tukey’s tests for multiple comparisons (α=0.05) 

(Prism 7, La Jolla, CA). We also tested for any correlation between Fresp.tot and sample pH using 

Pearson’s correlation coefficient (Prism 7, La Jolla, CA) to determine if changes in pH with 

treatment were responsible for any observed differences in respiration. Straight lines and 

quadratic curves were fit to the data in order to assess the form of the relationship.  

4.3 RESULTS 

We found a significant interaction between the effects of treatment and time on Fnet (p < 

.001, F-test). Lime had a significantly higher Fnet than all other treatments until day 97 (p < .001, 

Tukey’s HSD), at which point there was no significant difference between lime and the other 
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treatments (Figure	4.2, Table	4.3). Fnet of OLIVhigh was initially significantly higher than the 

control and OLIVlow (p < .05, Tukey’s HSD). However, by day 10, OLIVhigh was no longer 

elevated relative to OLIVlow and the control. Beginning on day 20, there was a trend such that 

Fnet from the control was higher than Fnet from the olivine treatments, but the only significant 

difference was between OLIVhigh and the control on day 97, at which point OLIVhigh was 17.5% 

lower than the control  (p = .0421, Tukey’s HSD). At no point was there a significant difference 

between OLIVlow and the control. 

 

Figure 4.2 Net CO2 flux (Fnet) by treatment over the course of the incubation. Error bars 
indicate SD.  
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Table 4.3 Mean net CO2 flux (Fnet) for each treatment by day (SD). Treatment means from 
the same day followed by the same letter are not significantly different (α=0.05), as assessed by 
Tukey’s HSD.  
Day Control Oliv-Low Oliv-High Lime 
3 2.02 (0.12)a 2.22 (0.23)a 3.12 (0.35)b 12.04 (1.41)c 
5 1.47 (0.22)a 1.51 (0.18)a 2.03 (0.33)b 7.40 (1.13)c 
7 1.45 (0.26)a 1.39 (0.10)a 1.80 (0.14)b 7.64 (1.24)c 
10 1.91 (0.23)a 1.80 (0.24)a 1.97 (0.30)a 7.89 (0.72)b 
13 1.73 (0.19)a 1.75 (0.38)a 1.76 (0.17)a 8.82 (1.63)b 
20 1.83 (0.17)a 1.59 (0.13)a 1.59 (0.21)a 7.89 (1.38)b 
27 1.52 (0.09)a 1.35 (0.16)a 1.32 (0.18)a 4.94 (1.24)b 
41 1.55 (0.17)a 1.41 (0.17)a 1.52 (0.62)a 5.48 (0.73)b 
69 1.05 (0.17)a 0.98 (0.18)a 0.89 (0.19)a 2.28 (0.62)b 
97 0.91 (0.04)a 0.81 (0.12)a,b 0.75 (0.13)b 0.82 (0.20)a,b 
 

Treatment had a significant effect on available magnesium (p < .001, F-test). The amount 

available in the control (52.5 mg kg-1, SD = 3) was significantly lower than OLIVlow (529 mg kg-

1, SD = 88) (p < .001, Tukey HSD), which was in turn significantly lower than OLIVhigh (685 mg 

kg-1, SD = 131) (p = .0022, Tukey HSD) (Figure	4.3). From these values we estimate that 26.7% 

(SD = 4.9) of the applied olivine was dissolved in OLIVlow, whereas only 7.1% (SD = 1.8) of the 

applied olivine was weathered in OLIVhigh.  

 

Figure 4.3 Distribution of exchangeable Mg values as a function of treatment at the end of 
the experiment. The central line indicates the median value, the boxes extend from the 25th to 
75th percentiles, and the whiskers indicate the minimum and maximum values. All treatments 
were significantly different from one another (p < .005, Tukey HSD).  
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Based on the amount of olivine dissolved in each treatment, we calculate that gross 

carbon sequestration was on average 0.050 g CO2 (SD = 0.009) per chamber for OLIVlow and 

0.067 g CO2 (SD = 0.017) for OLIVhigh. Scaling these values up with an assumed 10 cm mixing 

depth, OLIVhigh application rates would have consumed 4.16 metric tons CO2 ha-1 (SD = 1.04), 

and OLIVlow application rates would have consumed 3.13 t CO2 ha-1 (SD = 0.58) over the course 

of three months.  	 

Treatment had a significant effect on both Fnet, tot and Fresp.tot (p < .001, F-test) (Figure	

4.4). Only the Fnet, tot of lime (405 µmol CO2 g-1, SD = 55) was significantly higher than the other 

treatments (OLIVlow, OLIVhigh, and control) (p < .001, Tukey’s HSD). Lime increased Fnet, tot by 

a factor of 3.21 over the control, 3.49 over OLIVlow, and 3.58 over OLIVhigh. There was no 

significant difference in Fnet, tot between the control (126 µmol CO2 g-1, SD = 8), OLIVlow (116 

µmol CO2 g-1, SD = 11), and OLIVhigh (113 µmol CO2 g-1, SD = 21). 

OLIVlow and OLIVhigh both had significantly higher Fresp.tot than the control (p < .05, 

Tukey’s HSD). However, at 174 (SD = 18) and 188 (SD = 29) µmol CO2 g-1, respectively, 

OLIVlow and OLIVhigh were not significantly different from one another. Fresp.tot from the lime-

amended samples (325 µmol CO2 g-1, SD = 55) was significantly higher than all other treatments 

(p < .001, Tukey’s HSD): Fresp.tot with lime was 2.6 times higher than the control, 1.9 times 

higher than OLIVlow, and 1.7 times higher than OLIVhigh.   
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Figure 4.4 Mean cumulative net CO2 flux (Fnet, tot) and mean cumulative soil respiration 
(Fresp.tot) by treatment. Error bars indicate SD, but are not shown when shorter than the height of 
the symbol. Lime is significantly higher than all other treatments with respect to both variables 
(p < .001, Tukey HSD). Fresp.tot of OLIVhigh (p = .0008, Tukey HSD) and OLIVlow (p = .0129, 
Tukey HSD) are significantly higher than the control.  
 

Soil pH was significantly affected by treatment (p < .001, F-test); the mean pH of all 

treatments were significantly different from one another (p < 0.001, Tukey’s HSD) (Figure	4.5). 

The final pH of the control was 3.56 (SD = 0.04), OLIVlow was 4.69 (SD = 0.05), OLIVhigh was 

5.18 (SD = 0.06), and lime was 6.06 (SD = 0.4). Lime increased soil pH by 2.51 points compared 

to the control, whereas the OLIVhigh and OLIVlow increased pH by 1.63 and 1.13 points 

respectively.  

 

Figure 4.5 Treatment effects on soil pH. All treatments are significantly different from one 
another (p < .05). Error bars indicate SD.  
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 The increase in pH decreased the availability of aluminum (p < .001, F-test), which was 

available in significantly lower concentrations in both OLIVhigh (2.8 mg kg-1, SD = 0.6) and 

OLIVlow (7.7 mg kg-1, SD = 1.1) compared to the control (134 mg kg-1, SD = 9.7), (p < .001, 

Tukey HSD).  

Fresp.tot was positively correlated with soil pH as assessed by Pearson’s r (r = .88, n = 40, 

p < .001). This correlation was characterized by a quadratic relationship (r2 = .85, Figure	4.6).   

	 

Figure 4.6 Relationship of cumulative soil respiration (Fresp.tot) to soil pH, fit with a quadratic 
curve. Each point represents an individual sample.  

4.4 DISCUSSION 

Results suggest that the application of olivine to agricultural soils reduces agricultural 

CO2 emissions compared to the use of agricultural lime and has the potential to be an effective 

tool for carbon sequestration. The lime-amended soils were a source of CO2 compared to the 

control, but the olivine-amended samples were not. The cumulative net flux (Fnet,tot) of the 

olivine treatments was not lower than the control due to the increase in respiration accompanying 

the application of olivine. However, this does not necessarily imply that olivine amendments are 

ineffective at sequestering carbon as our experiment did not account for potential changes in 
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plant inputs to soil carbon with treatments. Long term studies on the effects of applying 

agricultural lime on soil organic carbon often indicate that improved plant productivity 

associated with higher soil pH results in greater inputs of organic matter to the soil, resulting in 

increased SOC (Paradelo et al., 2015). It is therefore likely that the improved soil conditions due 

to the effects of olivine application would likewise result in increased inputs to the SOM pool, 

negating losses due to increased decomposition rates, and rendering the application of olivine a 

net carbon sink. However, long-term field studies are needed to assess any differences in effects 

between lime and olivine on plant inputs to the soil, which would affect the overall carbon 

balance.  

Though we observed a significantly greater increase in total soil respiration in the lime-

amended soils, the olivine treatments also increased Fresp.tot over the control. However, as we are 

unable to parse out any changes in the effects of olivine amendments on respiration or in the rate 

of weathering over the course of the experiment, it is unclear whether the increase in Fresp.tot with 

the application of olivine was due to a larger initial increase in respiration, or if soil respiration 

remained consistently elevated compared to the control throughout the experiment. The small 

initial increase in the Fnet of the OLIVhigh treatments compared to the control was followed by a 

decrease on the final day. Though our methods did not allow us to determine if this decrease was 

primarily due a decrease in respiration or increase in consumption of CO2 by weathering, there 

was a non-significant trend in which the olivine-amended treatments had lower Fnet than the 

control beginning on day 20. We can therefore presume that around this time the amount of CO2 

consumption in these treatments began to outweigh any effects on soil respiration. Had our 

incubation period been longer and this trend continued, we might have eventually seen a net sink 

in OLIVhigh compared to the control, even without changes in plant inputs playing a role. 
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Though the exact effects of changes in soil pH on soil carbon mineralization can be hard 

to predict, the increase in pH with the application of our treatments is likely driving the increase 

in respiration in this experiment. Soil respiration has generally been shown to increase with pH 

(Kemmitt et al., 2006; Paradelo et al., 2015), and indeed we observed a strong positive 

correlation between these two variables, but other studies on the effects of liming on soil 

respiration have produced varied results. Some, like ours, have found soil respiration to increase 

with the application of agricultural lime (Dumale et al., 2011; Ahmad et al., 2014), while others 

observed no effect (Bertrand et al., 2007; Biasi et al., 2008), or even reduced decomposition 

(Wachendorf, 2015). Yet another study found that agricultural lime induced increases in soil 

respiration for the first three days, likely resulting from increased solubility of SOC, but reduced 

SOC mineralization after that point, presumably due to greater microbial C-use efficiency under 

more favorable pH conditions (Grover et al., 2017). Similar mechanisms may be responsible for 

the changes in Fnet,resp of OLIVhigh over the course of our experiment.  

Olivine proved to be effective at increasing soil pH in a relatively short time, though its 

effect was not as strong as lime. However, a number of studies have indicated that lime 

requirements should be determined with the goal of correcting the underlying problems 

associated with low pH, such as toxic levels of aluminum, rather than achieving the near-neutral 

pH that is typically recommended (Farina et al., 1980; Adams, 1984; Hoyt and Nyborg, 1987; 

Farina and Channon, 1991). Aluminum toxicity, which develops below a pH of approximately 

5.2 (Sumner and Noble, 2003), is often the most limiting factor affecting plant growth in acid 

soils (Adams, 1984; Sumner and Yamada, 2002). Raising soil pH above the level required to 

eliminate exchangeable aluminum has not been shown to provide additional benefits, and in 

some cases may even decrease yields (Farina et al., 1980). The application of olivine decreased 
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aluminum availability from levels that were high enough to be toxic to plants to levels that fall 

within a suitable range for crop growth (Kochian et al., 2005). These results indicate that olivine 

is a suitable replacement for lime in regards to its ability to correct problems of soil acidity, 

providing an additional use for this product that would aid in its adoption for carbon 

sequestration purposes. As existing infrastructure for applying lime to croplands could be 

repurposed to apply silicate minerals, the cost of applying olivine-rich rock would be comparable 

to current liming practices (Schuiling and Krijgsman, 2006), and may be further offset by the 

sale of carbon credits or increases in crop productivity (Beerling et al., 2018), increasing the 

economic viability of this method of sequestering carbon. 

When assessing the suitability of olivine as a soil amendment and determining 

application rates, it is also necessary to take into account its heavy metal content. Nickel toxicity 

in particular may pose a problem. However, other forms of silicate minerals, such as olivine-rich 

basalt, may work well as a more widely available alternative. Though the carbon capture 

potential of basalt is lower, it tends to have lower concentrations of nickel than olivine and also 

contains additional plant nutrients. Mining wastes or calcium silicate by-products of cement and 

steel production are also potential sources of silicate minerals that may be suitable for 

agricultural applications. (Beerling et al., 2018)  

Determining ideal application rates will be necessary to maximize efficiency and cost-

effectiveness. A significant amount of Mg was weathered from both OLIVhigh and OLIVlow, 

which would be of substantial benefit to Mg-limited agricultural soils. However, the %Ow was 

dependent on the rate of application. The percentage of olivine weathered was higher at the 

lower application rate: 26.7% of the applied Mg in the OLIVlow treatment was released into 

solution, whereas only 7.1% of the applied Mg was released in the OLIVhigh treatment. Though 
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the olivine application rate of OLIVlow was only 20% of OLIVhigh, OLIVlow released 75.4% of 

the amount of Mg released by OLIVhigh.  

A similar trend in the fraction of olivine weathered was observed by ten Berge et al. 

(2012). In a pot study, they also found that higher application rates resulted in a lower percentage 

of olivine dissolved over the course of 32 weeks (ten Berge et al., 2012). However, the 

proportion of applied olivine dissolved observed in our experiment was markedly higher. The 

%Ow in OLIVlow was 80% higher than observed in ten Berge et al.’s (2012) lowest application 

rate. Only 14.8% of the applied olivine dissolved at their lowest application rate, compared to the 

%Ow of 26.7% in OLIVlow, despite the fact that our application rate was almost 50 times theirs 

and their incubation period was almost three times longer. Renforth et al. (2015) did not 

calculate the fraction weathered, but found dissolution rates in their column leaching study that 

were comparable to or slightly lower than those found by ten Berge et al. (2012). The 

discrepancy between our results and the results of these other experiments is likely due to our use 

of a highly acidic soil for the incubations. 

At the dissolution rates we observed, the annual application rates proposed by Taylor et 

al. (2015) are too high. Only 28.4% of the applied olivine at the 5 kg m-2 yr-1 application rate 

would have dissolved before the following years application, and the 1 kg m-2 yr-1 application 

would have just completed dissolution within one year. However, as pH increases and the soil 

approaches saturation with respect to olivine, dissolution rates should decrease. It is therefore 

unlikely that quick dissolution observed in the three months of our experiment would remain 

constant throughout the year. Further, additional applications would not be likely to weather as 

rapidly, rendering such high annual application rates an inefficient use of resources.  
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The fact that %Ow decreased at higher application rates suggests that further work is 

needed to optimize this process and determine the most cost-effective application rate. It may be 

preferable to apply smaller amounts of olivine over a larger area to maximize CO2 consumption, 

rather than using high application rates on smaller areas. Optimizing the spatial distribution and 

application rates of silicate minerals with respect to carbon sequestration will require more data 

across the range of typical site conditions in agroecosystems. Such information will also be 

critical in order to accurately quantify the amount of CO2 this process consumes. Accurate 

accounting of sequestered carbon will be necessary if this process is to be certified for carbon 

credits, which may offset some of the cost and increase its adoption by farmers.  

4.5 CONCLUSION 

Our results illustrate the potential utility of enhanced mineral weathering as a carbon 

sequestration tool. Over the course of only three months, on an areal basis the dissolution of 

olivine at the lower application rate would have sequestered 3.13 t CO2 ha-1. This amount is 

within the range of expected sequestration rates over the course of an entire year for a number of 

common land management practices aimed at carbon storage, including conservation tillage, 

changes in grazing management, reforestation, or the conversion of cropland to permanent 

grassland (Murray et al., 2005). The use of olivine or other easily weatherable silicate minerals 

instead of lime to increase the pH of agricultural soils would also prevent the emission of lime-

derived CO2 and may decrease the amount of soil respiration induced by the addition of soil 

amendments. By consuming anthropogenic CO2 and reducing agricultural CO2 emissions, 

enhanced mineral weathering has the potential to serve as an important part of the solution to the 

problem of elevated atmospheric CO2 concentrations. 
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Chapter 5. CONCLUSION 

This research highlights the potential for soil carbon storage to play an important role in 

controlling atmospheric CO2 concentrations. Though there has been some concern that climate 

change may reduce soil carbon stocks due to increased decomposition under warmer 

temperatures or a priming effect caused by elevated CO2, these results showed a significant 

increase in soil carbon in a Danish grass/heathland under future climate conditions due to the 

effect of elevated CO2 on plant rooting.  

These findings also suggest that there is an opportunity to mitigate anthropogenic CO2 

emissions by managing soils to increase carbon storage through reduced decomposition of 

existing organic matter and increased plant inputs. The use of less intensive forest management 

strategies that allow for the growth of competing vegetation resulted in a shift towards deeper 

rooting by Pacific Northwest Douglas fir trees in an effort to access soil moisture reserves. As 

deep soil carbon typically has long residence times, increasing inputs to these deep pools is likely 

to result in long-term storage.  

Even more promising in terms of net carbon sequestered is the impact of changing 

management strategies for controlling soil pH in agricultural soils. Not only was decomposition 

of soil organic matter reduced by replacing lime with olivine, but the emission of CO2 via the 

dissolution of lime was also prevented. Instead, the dissolution of olivine resulted in the 

consumption of CO2 and concurrently raised soil pH to a high enough level to correct aluminum 

toxicity. 

The significant amount of carbon that soils have the potential to sequester has often been 

overlooked in the development of climate change mitigation strategies. These results provide 

evidence for the necessity of including soil carbon cycling processes in carbon-climate models in 
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order to make accurate predictions of future climate changes, which are critical to the 

development of successful adaptation plans. Further, these results highlight the importance of 

incorporating land management practices into strategies for addressing the problem of increasing 

atmospheric CO2 concentrations.  

 

 

  



 84 

 BIBLIOGRAPHY  
Adair, E.C., P.B. Reich, S.E. Hobbie, and J.M.H. Knops. 2009. Interactive Effects of Time, CO2, 

N, and Diversity on Total Belowground Carbon Allocation and Ecosystem Carbon Storage 
in a Grassland Community. Ecosystems 12: 1037–1052. 

Adams, F. (Ed). 1984. Soil Acidity and Liming. Agron. Monogr. 12. 2nd ed. ASA, CSSA, 
SSSA, Madison, Wisconsin. 

Ahmad, W., B. Singh, F.A. Dijkstra, R.C. Dalal, and P. Geelan-Small. 2014. Temperature 
sensitivity and carbon release in an acidic soil amended with lime and mulch. Geoderma 
214–215: 168–176. 

Albert, K.R., T.N. Mikkelsen, A. Michelsen, H. Ro-Poulsen, and L. van der Linden. 2011a. 
Interactive effects of drought, elevated CO 2 and warming on photosynthetic capacity and 
photosystem performance in temperate heath plants. J. Plant Physiol. 168(13): 1550–1561. 

Albert, K.R., H. Ro-Poulsen, T.N. Mikkelsen, A. Michelsen, L. Van Der Linden, and C. Beier. 
2011b. Effects of elevated CO2, warming and drought episodes on plant carbon uptake in a 
temperate heath ecosystem are controlled by soil water status. Plant, Cell Environ. 34(7): 
1207–1222. 

Albert, K.R., H. Ro-Poulsen, T.N. Mikkelsen, A. Michelsen, L. Van Der Linden, and C. Beier. 
2011c. Interactive effects of elevated CO2, warming, and drought on photosynthesis of 
Deschampsia flexuosa in a temperate heath ecosystem. J. Exp. Bot. 62(12): 4253–4266. 

Allard, V., P.C.D. Newton, M. Lieffering, J.F. Soussana, R.A. Carran, and C. Matthew. 2005. 
Increased quantity and quality of coarse soil organic matter fraction at elevated CO2 in a 
grazed grassland are a consequence of enhanced root growth rate and turnover. Plant Soil 
276(1–2): 49–60. 

Amiotte Suchet, P., J. Probst, and W. Ludwig. 2003. Worldwide distribution of continental rock 
lithology : Implications for the atmospheric/soil CO2 uptake by continental weathering and 
alkalinity river transport to the oceans. Global Biogeochem. Cycles 17(2). 

Anda, M., J. Shamshuddin, and C.I. Fauziah. 2015. Improving chemical properties of a highly 
weathered soil using finely ground basalt rocks. Catena 124: 147–161. 

Anda, M., J. Shamshuddin, C.I. Fauziah, and S.R.S. Omar. 2009. Dissolution of Ground Basalt 
and Its Effect on Oxisol Chemical Properties and Cocoa Growth. Soil Sci. 174(5). 

Anderson, L.J., J.D. Derners, H.W. Polleys, W.S. Gordon, D.M. Eissenstat, and R.B. Jackson. 
2010. Root responses along a subambient to elevated CO2 gradient in a C3 – C4 grassland. 
Glob. Chang. Biol. 16: 454–468. 

Andresen, L.C., A. Michelsen, P. Ambus, and C. Beier. 2010. Belowground heathland responses 
after 2 years of combined warming , elevated CO2 and summer drought. Biogeochemistry 
101(September). 

Ares, A., T.A. Terry, C.A. Harrington, W.D. Devine, D. Peter, and J. Bailey. 2007a. Biomass 
removal, soil compaction, and vegetation control effects on five-year growth of Douglas-fir 
in coastal Washington. For. Sci. 

Ares, A., T.A. Terry, K.B. Piatek, R.B. Harrison, R.E. Miller, B.L. Flaming, C.W. Licata, B.D. 
Strahm, C.A. Harrington, R. Meade, H.W. Anderson, L.C. Brodie, and J.M. Kraft. 2007b. 
The Fall River Long-Term Site Productivity Study in Coastal Washington : Site 
Characteristics , Methods , and Biomass and Carbon and Nitrogen Stores Before and After 
Harvest. Gen. Tech. Report PNW-GTR-691. Portland, OR. 

Arndal, M.F., M.P. Merrild,  a. Michelsen, I.K. Schmidt, T.N. Mikkelsen, and C. Beier. 2013. 



 85 

Net root growth and nutrient acquisition in response to predicted climate change in two 
contrasting heathland species. Plant Soil 369(1–2): 615–629. 

Arndal, M.F., I.K. Schmidt, J. Kongstad, C. Beier, and  a. Michelsen. 2014. Root growth and N 
dynamics in response to multi-year experimental warming, summer drought and elevated 
CO2 in a mixed heathland-grass ecosystem. Funct. Plant Biol. 41(1): 1–10. 

Arndal, M.F., A. Tolver, K.S. Larsen, C. Beier, and I.K. Schmidt. 2018. Fine Root Growth and 
Vertical Distribution in Response to Elevated CO2, Warming and Drought in a Mixed 
Heathland-Grassland. Ecosystems 21(1): 15–30. 

Baker, J.M., T.E. Ochsner, R.T. Venterea, and T.J. Griffis. 2007. Tillage and soil carbon 
sequestration — What do we really know ? Agric. Ecosyst. Environ. 118: 1–5. 

Barman, A.K., C. Varadachari, and K. Ghosh. 1992. Weathering of silicate minerals by organic 
acids. I. Nature of cation solubilisation. Geoderma 53: 45–63. 

Bassirirad, H., V.P. Gutschick, and J. Lussenhop. 2001. Root system adjustments : regulation of 
plant nutrient uptake and growth responses to elevated C02. Oecologia 126(3): 305–320. 

Beerling, D.J., J.R. Leake, S.P. Long, J.D. Scholes, J. Ton, P.N. Nelson, M. Bird, E. Kantzas, 
L.L. Taylor, B. Sarkar, M. Kelland, E. DeLucia, I. Kantola, C. Müller, G. Rau, and J. 
Hansen. 2018. Farming with crops and rocks to address global climate, food and soil 
security. Nat. Plants 4(March). 

ten Berge, H.F.M., H.G. van der Meer, J.W. Steenhuizen, P.W. Goedhart, P. Knops, and J. 
Verhagen. 2012. Olivine weathering in soil, and its effects on growth and nutrient uptake in 
ryegrass (Lolium perenne L.): A pot experiment. PLoS One 7(8). 

Berner, E.K., and R.A. Berner. 2012. Global Environment: Water, Air, and Geochemical Cycles. 
2nd ed. Prentice Hall, Upper Saddle River, NJ. 

Bertrand, I., O. Delfosse, and B. Mary. 2007. Carbon and nitrogen mineralization in acidic, 
limed and calcareous agricultural soils: Apparent and actual effects. Soil Biol. Biochem. 
39(1): 276–288. 

Biasi, C., S.E. Lind, N.M. Pekkarinen, J.T. Huttunen, N.J. Shurpali, M.E. Repo, P.J. 
Martikainen, and N.P. Hyvo. 2008. Direct experimental evidence for the contribution of 
lime to CO2 release from managed peat soil. Soil Biol. Biochem. 40: 2660–2669. 

Blagodatskaya, Е., and Y. Kuzyakov. 2008. Mechanisms of real and apparent priming effects 
and their dependence on soil microbial biomass and community structure : critical review. : 
115–131. 

Bohn, H.L., B.L. McNeal, and G.A. O’Connor. 1985. Soil Chemistry. 2nd ed. Wiley, New York. 
Borken, W., K. Savage, E. Davidson, and S. Trumbore. 2006. Effects of experimental drought on 

soil respiration and radiocarbon efflux from a temperate forest soil. Glob. Chang. Biol. 
12(2): 177–193. 

Bradford, M.A., C.A. Davies, S.D. Frey, T.R. Maddox, J.M. Melillo, J.E. Mohan, J.F. Reynolds, 
K.K. Treseder, and M.D. Wallenstein. 2008. Thermal adaptation of soil microbial 
respiration to elevated temperature. Ecol. Lett. 11(12): 1316–1327. 

Brevik, E.C. 2012. Soils and Climate Change: Gas Fluxes and Soil Processes. Soil Horizons 
53(4): 12. 

Burt, R. (Ed). 1996. Soil Survey Laboratory Methods Manual. 
Butterly, C.R., L.A. Phillips, J.L. Wiltshire, A.E. Franks, R.D. Armstrong, D. Chen, P.M. Mele, 

and C. Tang. 2016. Long-term effects of elevated CO2on carbon and nitrogen functional 
capacity of microbial communities in three contrasting soils. Soil Biol. Biochem. 97: 157–
167. 



 86 

Canadell, J., R.B. Jackson, J.R. Ehleringer, H.A. Mooney, O.E. Sala, and E.-D. Schulze. 1996. 
Maximum Rooting Depth of Vegetation Types at the Global Scale. Oecologia 108(4): 583–
595. 

Caputo, A.C., M. Palumbo, P.M. Pelagagge, and F. Scacchia. 2005. Economics of biomass 
energy utilization in combustion and gasification plants: Effects of logistic variables. 
Biomass and Bioenergy 28: 35–51. 

Cardon, Z.G., B. a Hungate, C. a Cambardella, F.S. Chapin, C.B. Field, E. a Holland, and H. a 
Mooney. 2001. Contrasting effects of elevated CO2 on old and new soil carbon pools. Soil 
Biol. Biochem. 33(3): 365–373. 

Carney, K.M., B.A. Hungate, B.G. Drake, and J.P. Megonigal. 2007. Altered soil microbial 
community at elevated CO2 leads to loss of soil carbon. Proc. Natl. Acad. Sci. 104(12): 
4990–4995. 

Chabbi, A., I. Kögel-Knabner, and C. Rumpel. 2009. Stabilised carbon in subsoil horizons is 
located in spatially distinct parts of the soil profile. Soil Biol. Biochem. 41(2): 256–261. 

Chan, S.S., S.R. Radosevich, and A.T. Grotta. 2003. Effects of contrasting light and soil 
moisture availability on the growth and biomass allocation of Douglas-fir and red alder. 
Can. J. For. Res. 117: 106–117. 

Chen, X., J. Liu, Q. Deng, J. Yan, and D. Zhang. 2012. Effects of elevated CO2 and nitrogen 
addition on soil organic carbon fractions in a subtropical forest. Plant Soil 357(1–2): 25–34. 

Cleveland, C.C., W.R. Wieder, S.C. Reed, A.R. Townsend, and S. Url. 2013. Experimental 
drought in a tropical rain forest increases soil carbon dioxide losses to the atmosphere. 
91(8): 2313–2323. 

Conant, R.T., M.G. Ryan, G.I. Ågren, H.E. Birge, E.A. Davidson, P.E. Eliasson, S.E. Evans, 
S.D. Frey, C.P. Giardina, F.M. Hopkins, R. Hyvönen, M.U.F. Kirschbaum, J.M. Lavallee, J. 
Leifeld, W.J. Parton, J. Megan Steinweg, M.D. Wallenstein, J.A. Martin Wetterstedt, and 
M.A. Bradford. 2011. Temperature and soil organic matter decomposition rates - synthesis 
of current knowledge and a way forward. Glob. Chang. Biol. 17: 3392–3404. 

Crowther, T.W., K.E.O. Todd-Brown, C.W. Rowe, W.R. Wieder, J.C. Carey, M.B. Machmuller, 
B.L. Snoek, S. Fang, G. Zhou, S.D. Allison, J.M. Blair, S.D. Bridgham, A.J. Burton, Y. 
Carrillo, P.B. Reich, J.S. Clark, A.T. Classen, F.A. Dijkstra, B. Elberling, B.A. Emmett, M. 
Estiarte, S.D. Frey, J. Guo, J. Harte, L. Jiang, B.R. Johnson, G. Kroel-Dulay, K.S. Larsen, 
H. Laudon, J.M. Lavallee, Y. Luo, M. Lupascu, L.N. Ma, S. Marhan, A. Michelsen, J. 
Mohan, S. Niu, E. Pendall, J. Penuelas, L. Pfeifer-Meister, C. Poll, S. Reinsch, L.L. 
Reynolds, I.K. Schmidt, S. Sistla, N.W. Sokol, P.H. Templer, K.K. Treseder, J.M. Welker, 
and M.A. Bradford. 2016. Quantifying global soil carbon losses in response to warming. 
Nature 540: 104–110. 

Dalenberg, J.W., and G. Jager. 1989. Priming effect of some organic additions to 14C-labelled 
soil. Soil Biol. Biochem. 21(3): 443–448. 

Davidson, E. a, and I. a Janssens. 2006. Temperature sensitivity of soil carbon decomposition 
and feedbacks to climate change. Nature 440(7081): 165–73. 

Devine, W.D., and C.A. Harrington. 2006. Effects of Vegetation Control and Organic Matter 
Removal on Soil Water Content in a Young Douglas- Fir Plantation. Research Paper PNW-
RP-568. Portland, OR. 

Dieleman, W.I.J., S. Vicca, F.A. Dijkstra, F. Hagedorn, M.J. Hovenden, K.S. Larsen, J.A. 
Morgan, A. Volder, C. Beier, J.S. Dukes, J. King, S. Leuzinger, S. Linder, Y. Luo, R. Oren, 
P. De Angelis, D. Tingey, M.R. Hoosbeek, and I.A. Janssens. 2012. Simple additive effects 



 87 

are rare: a quantitative review of plant biomass and soil process responses to combined 
manipulations of CO2 and temperature. Glob. Chang. Biol. 18(9): 2681–2693. 

Dijkstra, F.A., S.E. Hobbie, P.B. Reich, and J.M.H. Knops. 2005. Divergent effects of elevated 
CO2, N fertilization, and plant diversity on soil C and N dynamics in a grassland field 
experiment. Plant Soil 272(1–2): 41–52. 

Dorodnikov, M., Y. Kuzyakov, A. Fangmeier, and G.L.B. Wiesenberg. 2011. C and N in soil 
organic matter density fractions under elevated atmospheric CO2: Turnover vs. 
stabilization. Soil Biol. Biochem. 43(3): 579–589. 

Drake, J.E., A. Gallet-Budynek, K.S. Hofmockel, E.S. Bernhardt, S.A. Billings, R.B. Jackson, 
K.S. Johnsen, J. Lichter, H.R. Mccarthy, M.L. Mccormack, D.J.P. Moore, R. Oren, S. 
Palmroth, R.P. Phillips, J.S. Pippen, S.G. Pritchard, K.K. Treseder, W.H. Schlesinger, E.H. 
Delucia, and A.C. Finzi. 2011. Increases in the flux of carbon belowground stimulate 
nitrogen uptake and sustain the long-term enhancement of forest productivity under 
elevated CO2. Ecol. Lett. 14(4): 349–357. 

Dumale, W. a., T. Miyazaki, K. Hirai, and T. Nishimura. 2011. SOC Turnover and Lime-CO2 
Evolution during Liming of an Acid Andisol and Ultisol. Open J. Soil Sci. 1(2): 49–53. 

Eswaran, H., E. Van den Berg, and P. Reich. 1993. Organic Carbon in Soils of the World. Soil 
Sci. Soc. Am. J. 57: 192–194. 

Evelien, V.S. 2012. The relationship between former land-use , nutrient availability and 
heathland succession at Nørholm Hede. 

Farina, M.P.W., and P. Channon. 1991. A field comparison of lime requirement indices for 
maize. Plant Soil 134(1): 127–135. 

Farina, M.P.W., M.E. Sumner, C.O. Plank, and W.S. Letzsch. 1980. Exchangeable aluminum 
and pH as indicators of lime requirement for corn. Soil Sci. Soc. Am. J. 44: 1036–1041. 

Fontaine, S., S. Barot, P. Barré, N. Bdioui, B. Mary, and C. Rumpel. 2007. Stability of organic 
carbon in deep soil layers controlled by fresh carbon supply. Nature 450(7167): 277–280. 

Froberg, M., P.J. Hanson, D.E. Todd, and D.W. Johnson. 2009. Evaluation of Effects of 
Sustained Decadal Precipitation Manipulations on Soil Carbon Stocks. Biogeochemistry 
89(2): 151–161. 

Fuentes, J.P., D.F. Bezdicek, M. Flury, S. Albrecht, and J.L. Smith. 2006. Microbial activity 
affected by lime in a long-term no-till soil. Soil Tillage Res. 88: 123–131. 

Gál, A., T.J. Vyn, E. Michéli, E.J. Kladivko, and W.W. McFee. 2007. Soil carbon and nitrogen 
accumulation with long-term no-till versus moldboard plowing overestimated with tilled-
zone sampling depths. Soil Tillage Res. 96(1–2): 42–51. 

Garten, C., A.T. Classen, and J. Norby, Richard. 2009. Soil moisture surpasses elevated CO2 and 
temperature as a control on soil carbon dynamics in a multi-factor climate change 
experiment. Plant Soil 319: 85–94. 

Gill, R.A., L.J. Anderson, H.W. Polley, H.B. Johnson, and R.B. Jackson. 2006. Potential 
nitrogen contraints on soil carbon sequestration under low and elevated atmospheric CO2. 
Ecology 87(1): 41–52. 

Gillman, G.P., D.C. Burkett, and R.J. Coventry. 2002. Amending highly weathered soils with 
finely ground basalt rock. Appl. Geochemistry 17: 987–1001. 

Gislason, S.R., and E.H. Oelkers. 2008. The geochemistry of silicate rock weathering. In  The 
33rd International Geological Congress. Oslo. 

Gislason, S.R., and E.H. Oelkers. 2011. Silicate Rock Weathering and the Global Carbon Cycle. 
In Harmon, R.S., Parker, A. (eds.), Frontiers in Geochemistry: Contribution of 



 88 

Geochemistry to the Study of the Earth. Blackwell Publishing Ltd., Chichester, UK. 
De Graaff, M.A., K.J. van Groenigen, J. Six, B. Hungate, and C. van Kessel. 2006. Interactions 

between plant growth and soil nutrient cycling under elevated CO2 : a meta-analysis. Glob. 
Chang. Biol. 12(11): 2077–2091. 

van Groenigen, K.-J., J. Six, B.A. Hungate, M.-A. De Graaff, N. van Breemen, and C. van 
Kessel. 2006. Element interactions limit soil carbon storage. Proc. Natl. Acad. Sci. 103(17). 

Grover, S.P., C.R. Butterly, X. Wang, and C. Tang. 2017. The short-term effects of liming on 
organic carbon mineralisation in two acidic soils as affected by different rates and 
application depths of lime. Biol. Fertil. Soils 53: 431–443. 

Guo, L.B., and R.M. Gifford. 2002. Soil carbon stocks and land use change: a meta analysis. 
Glob. Chang. Biol. 8(4): 345–360. 

Hagedorn, F., S. Maurer, P. Egli, P. Blaser, J.B. Bucher, and R. Siegwolf. 2001. Carbon 
sequestration in forest soils: Effects of soil type, atmospheric CO2 enrichment, and N 
deposition. Eur. J. Soil Sci. 52(December): 619–628. 

Hamburg, S.P. 2000. Simple rules for measuring changes in ecosystem carbon in forestry-offset 
projects. Mitig. Adapt. Strateg. Glob. Chang. 5(August 1999): 25–37. 

Hamilton, S.K., A.L. Kurzman, C. Arango, L. Jin, and G.P. Robertson. 2007. Evidence for 
carbon sequestration by agricultural liming. Global Biogeochem. Cycles 21(February): 1–
12. 

Hangx, S.J.T., and C.J. Spiers. 2009. Coastal spreading of olivine to control atmospheric CO2 
concentrations: A critical analysis of viability. Int. J. Greenh. Gas Control 3: 757–767. 

Hansen, J., M. Sato, P. Kharecha, D. Beerling, R. Berner, V. Masson-Delmotte, M. Pagani, M. 
Raymo, D.L. Royer, and J.C. Zachos. 2008. Target Atmospheric CO2 : Where Should 
Humanity Aim ? Open Atmos. Sci. J. 2: 217–231. 

Harper, R.J., and M. Tibbett. 2013. The hidden organic carbon in deep mineral soils. Plant Soil 
368(1–2): 641–648. 

Harrison, R.B., P.W. Footen, and B.D. Strahm. 2011. Deep Soil Horizons : Contribution and 
Importance to Soil Carbon Pools and in Assessing Whole-Ecosystem Response to 
Management and Global Change. For. Sci. 57(1): 67–76. 

Hartley, I.P., A. Heinemeyer, and P. Ineson. 2007. Effects of three years of soil warming and 
shading on the rate of soil respiration: Substrate availability and not thermal acclimation 
mediates observed response. Glob. Chang. Biol. 13(8): 1761–1770. 

Hartmann, J.,  a J. West, P. Renforth, P. Köhler, C.L.D. La Rocha, D. a Wolf-gladrow, H.H. 
Dürr, and J. Scheffran. 2013. Enhanced chemical weathering as a geoengineering strategy to 
reduce atmospheric carbon dioxide, supply nutirents, and mitigate ocean acidification. Rev. 
Geophys. 51(2012): 113–149. 

Haugwitz, M.S., L. Bergmark, A. Priemé, S. Christensen, C. Beier, and A. Michelsen. 2014. Soil 
microorganisms respond to five years of climate change manipulations and elevated 
atmospheric CO2 in a temperate heath ecosystem. Plant Soil 374: 211–222. 

Hoepting, M.K., R.G. Wagner, J. McLaughlin, and D.G. Pitt. 2011. Timing and duration of 
herbaceous vegetation control in northern conifer plantations: 15th-year tree growth and soil 
nutrient effects. For. Chron. 87(3): 398–413. 

Hofmockel, K.S., D.R. Zak, K.K. Moran, and J.D. Jastrow. 2011. Changes in forest soil organic 
matter pools after a decade of elevated CO2 and O3. Soil Biol. Biochem. 43(7): 1518–1527. 

Hoosbeek, M.R., Y. Li, and G.E. Scarascia-Mugnozza. 2006. Free atmospheric CO2 enrichment 
(FACE) increased labile and total carbon in the mineral soil of a short rotation Poplar 



 89 

plantation. Plant Soil 281(1–2): 247–254. 
Hoosbeek, M.R., M. Lukac, D. van Dam, D.L. Godbold, E.J. Velthorst, F.A. Biondi, A. 

Peressotti, M.F. Cotrufo, P. de Angelis, and G. Scarascia-Mugnozza. 2004. More new 
carbon in the mineral soil of a poplar plantation under Free Air Carbon Enrichment 
(POPFACE): Cause of increased priming effect? Global Biogeochem. Cycles 18(1): n/a-n/a. 

Hoosbeek, M.R., M. Lukac, E. Velthorst, A.R. Smith, and D.L. Godbold. 2011. Free atmospheric 
CO2 enrichment increased above ground biomass but did not affect symbiotic N2-fixation 
and soil carbon dynamics in a mixed deciduous stand in Wales. Biogeosciences 8(2): 353–
364. 

Houghton, J.T., L.G. Filho Meira, B. Lim, K. Treanton, I. Mamaty, Y. Bonduki, D.J. Griggs, and 
B.A. Callander (Eds). 1997. Revised 1996 IPCC Guidelines for National Greenhouse Gas 
Inventories. Bracknell, UK. 

Hoyt, P.B., and M. Nyborg. 1987. Field Calibration of Liming Responses of 4 Crops Using Soil-
pH, Al and Mn. Plant Soil 102(1): 21–25. 

Hungate, B.A., K.J. van Groenigen, J. Six, J.D. Jastrow, Y. Luo, M.A. de Graaff, C. van Kessel, 
and C.W. Osenberg. 2009. Assessing the effect of elevated carbon dioxide on soil carbon: A 
comparison of four meta-analyses. Glob. Chang. Biol. 15(8): 2020–2034. 

Hungate, B.A., R.B. Jackson, C.B. Field, and F.S. Chapin III. 1996. Detecting changes in soil 
carbon in CO2 enrichment experiments. Plant Soil 187(2): 135–145. 

Hungate, B.A., D.W. Johnson, P. Dijkstra, G. Hymus, P. Stiling, J.P. Megonigal, A.L. Pagel, J.L. 
Moan, F. Day, J.H. Li, C.R. Hinkle, and B.G. Drake. 2006. Nitrogen cycling during seven 
years of atmospheric CO2 enrichment in a scrub oak woodland. Ecology 87(1): 26–40. 

Hutchings, M.J., and E.A. John. 2003. Distribution of roots in the soil, and root foraging activity. 
p. 33–60. In de Kroon, H., Visser, E.J.W. (eds.), Root Ecology. Springer, Berlin. 

Hutchinson, G.L., and A.R. Mosier. 1981. Improved Soil Cover Method for Field Measurement 
of Nitrous Oxide Fluxes. Soil Sci. Soc. Am. J. 45: 311–316. 

IPCC. 2014. Working Group III Contribution to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. In Eickemeier, P., Schlömer, S., Farahani, E., 
Kadner, S., Brunner, S., Baum, I., Kriemann, B. (eds.), Climate Change 2014: Mitigation of 
Climate Change. Cambridge University Press, Cambridge, UK and New York, NY, USA. 

Jackson, A.R.B., J. Canadell, J.R. Ehleringer, H.A. Mooney, O.E. Sala, and E.D. Schulze. 1996. 
A Global Analysis of Root Distributions for Terrestrial Biomes. Oecologia 108(3): 389–
411. 

Jackson, R.B., C.W. Cook, J.S. Pippen, and S.M. Palmer. 2009. Increased belowground biomass 
and soil CO 2 fluxes after a decade of carbon dioxide enrichment in a warm-temperate 
forest. Ecology 90(12): 3352–3366. 

James, J., W. Devine, R. Harrison, and T. Terry. 2014. Deep soil carbon: quantification and 
modeling in subsurface layers. Soil Sci. Soc. Am. J. 78(S1): S1–S10. 

Jandl, R., M. Lindner, L. Vesterdal, B. Bauwens, R. Baritz, F. Hagedorn, D.W. Johnson, K. 
Minkkinen, and K. a. Byrne. 2007. How strongly can forest management influence soil 
carbon sequestration? Geoderma 137(3–4): 253–268. 

Jastrow, J.D., R.M. Miller, R. Matamala, R.J. Norby, T.W. Boutton, C.W. Rice, and C.E. 
Owensby. 2005. Elevated atmospheric carbon dioxide increases soil carbon. Glob. Chang. 
Biol. 11(12): 2057–2064. 

Jensen, K.D., C. Beier, A. Michelsen, and B.A. Emmett. 2003. Effects of experimental drought 
on microbial processes in two temperate heathlands at contrasting water conditions. Appl. 



 90 

Soil Ecol. 24(2): 165–176. 
Jobbagy, E., and R. Jackson. 2000. The vertical distribution of soil organic carbon and its 

relation to climate and vegetation. Ecol. Appl. 10(2): 423–436. 
Johnson, D.W., and P.S. Curtis. 2001. Effects of forest management on soil C and N storage: 

Meta analysis. For. Ecol. Manage. 140(2–3): 227–238. 
Kaiser, K., K. Eusterhues, C. Rumpel, G. Guggenberger, and I. Kögel-Knabner. 2002. 

Stabilization of organic matter by soil minerals - Investigations of density and particle-size 
fractions from two acid forest soils. J. Plant Nutr. Soil Sci. 165(4): 451–459. 

Kemmitt, S.J., D. Wright, K.W.T. Goulding, and D.L. Jones. 2006. pH regulation of carbon and 
nitrogen dynamics in two agricultural soils. 38: 898–911. 

van Kessel, C., B. Boots, M.A. de Graaff, D. Harris, H. Blum, and J. Six. 2006. Total soil C and 
N sequestration in a grassland following 10 years of free air CO2enrichment. Glob. Chang. 
Biol. 12(11): 2187–2199. 

Khalili, B., O.A. Ogunseitan, M.L. Goulden, and S.D. Allison. 2016. Interactive effects of 
precipitation manipulation and nitrogen addition on soil properties in California grassland 
and shrubland. Appl. Soil Ecol. 107: 144–153. 

Kirschbaum, M.U.F. 2000. Will Changes in Soil Organic Carbon Act as a Positive or Negative 
Feedback on Global Warming ? Biogeochemistry 48(1): 21–51. 

Knight, E., P. Footen, R. Harrison, T. Terry, and S. Holub. 2014. Competing vegetation effects 
on soil carbon and nitrogen in a Douglas-fir plantation. Soil Sci. Soc. Am. J. 78(S1): S146–
S151. 

Knorr, W., I.C. Prentice, J.I. House, and E.A. Holland. 2005. Long-term sensitivity of soil 
carbon turnover to warming. Lett. to Nat. 433(January): 2003–2006. 

Kochian, L. V, M.A. Pineros, and O.A. Hoekenga. 2005. The physiology, genetics and molecular 
biology of plant aluminum resistance and toxicity. Plant Soil 274: 175–195. 

Köchy, M., R. Hiederer, and A. Freibauer. 2015. Global distribution of soil organic carbon – Part 
1: Masses and frequency distributions of SOC stocks for the tropics, permafrost regions, 
wetlands, and the world. Soil 1(1): 351–365. 

Köhler, P., J. Hartmann, and D. a Wolf-Gladrow. 2010. Geoengineering potential of artificially 
enhanced silicate weathering of olivine. Proc. Natl. Acad. Sci. U. S. A. 107: 20228–20233. 

Kongstad, J., I.K. Schmidt, T. Riis-Nielsen, M.F. Arndal, T.N. Mikkelsen, and C. Beier. 2012. 
High Resilience in Heathland Plants to Changes in Temperature, Drought, and CO 2 in 
Combination: Results from the CLIMAITE Experiment. Ecosystems 15(2): 269–283. 

Kuzyakov, Y., J.K. Friedel, and K. Stahr. 2000. Review of mechanisms and quantification of 
priming effects. Soil Biol. Biochem. 32: 1485–1498. 

Laclau, J., J. Levillain, P. Deleporte, J. De Dieu, J. Bouillet, L. Saint, A. Versini, L. Mareschal, 
Y. Nouvellon, A. Thongo, M. Bou, and J. Ranger. 2010. Organic residue mass at planting is 
an excellent predictor of tree growth in Eucalyptus plantations established on a sandy 
tropical soil. For. Ecol. Manage. 260(12): 2148–2159. 

Langley, J.A., D.C. McKinley, A.A. Wolf, B.A. Hungate, B.G. Drake, and J.P. Megonigal. 2009. 
Priming depletes soil carbon and releases nitrogen in a scrub-oak ecosystem exposed to 
elevated CO2. Soil Biol. Biochem. 41(1): 54–60. 

Larsen, K.S., L.C. Andresen, C. Beier, S. Jonasson, K.R. Albert, P. Ambus, M.F. Arndal, M.S. 
Carter, S. Christensen, M. Holmstrup, A. Ibrom, J. Kongstad, L. Van Der LINDEN, K. 
Maraldo, A. Michelsen, T.N. Mikkelsen, K. Pilegaard, A. Priemé, H. Ro-Poulsen, I.K. 
Schmidt, M.B. Selsted, and K. Stevnbak. 2011. Reduced N cycling in response to elevated 



 91 

CO2, warming, and drought in a Danish heathland: Synthesizing results of the CLIMAITE 
project after two years of treatments. Glob. Chang. Biol. 17(5): 1884–1899. 

Lichter, J., S. a. Billings, S.E. Ziegler, D. Gaindh, R. Ryals, A.C. Finzi, R.B. Jackson, E. a. 
Stemmler, and W.H. Schlesinger. 2008. Soil carbon sequestration in a pine forest after 9 
years of atmospheric CO2 enrichment. Glob. Chang. Biol. 14(12): 2910–2922. 

Liebig, M.A., H.A. Johnson, J.D. Hanson, and A.B. Frank. 2005. Soil carbon under switchgrass 
stands and cultivated cropland. Biomass and Bioenergy 28(4): 347–354. 

Lorenz, K., and R. Lal. 2005. The depth distribution of soil organic carbon in relation to land use 
and management and the potential of carbon sequestration in subsoil horizons. Adv. Agron. 
88(5): 35–66. 

Luo, Y., D. Hui, and D. Zhang. 2006. Elevated CO2 stimulates net accumulations of carbon and 
nitrogen in land ecosystems: A meta-analysis. Ecology 87(1): 53–63. 

Luo, Y., B. Su, W.S. Currie, J.S. Dukes, A. Finzi, U. Hartwig, B. Hungate, R.E. Mcmurtrie, R. 
Oren, W.J. Parton, D.E. Pataki, M.R. Shaw, D.R. Zak, and C.B. Field. 2004. Progressive 
Nitrogen Limitation of Ecosystem Responses to Rising Atmospheric Carbon Dioxide. 
Bioscience 54(8): 731. 

Maeght, J.-L., B. Rewald, and A. Pierret. 2013. How to study deep roots-and why it matters. 
Front. Plant Sci. 4(August): 299. 

Marschner, B., S. Brodowski, A. Dreves, G. Gleixner, A. Gude, P.M. Grootes, U. Hamer, A. 
Heim, G. Jandl, R. Ji, K. Kaiser, K. Kalbitz, C. Kramer, P. Leinweber, J. Rethemeyer, A. 
Schäffer, M.W.I. Schmidt, L. Schwark, and G.L.B. Wiesenberg. 2008. How relevant is 
recalcitrance for the stabilization of organic matter in soils? J. Plant Nutr. Soil Sci. 171(1): 
91–110. 

McFarlane, K.J., S.H. Schoenholtz, and R.F. Powers. 2009. Plantation management intensity 
affects belowground carbon and nitrogen storage in northern California. Soil Sci. Soc. Am. 
J. 73(3): 1020. 

McFarlane, K.J., S.H. Schoenholtz, R.F. Powers, and S.S. Perakis. 2010. Soil organic matter 
stability in intensively managed Ponderosa Pine stands in California. Soil Sci. Soc. Am. J. 
74(3): 979. 

Melillo, J.M., S. Butler, J. Johnson, J. Mohan, P. Steudler, H. Lux, E. Burrows, F. Bowles, R. 
Smith, L. Scott, C. Vario, T. Hill, A. Burton, Y.-M. Zhou, and J. Tang. 2011. Soil warming, 
carbon-nitrogen interactions, and forest carbon budgets. Proc. Natl. Acad. Sci. U. S. A. 
108(23): 9508–9512. 

Mendham, D.S., A.M.O. Connell, T.S. Grove, and S.J. Rance. 2003. Residue management 
effects on soil carbon and nutrient contents and growth of second rotation eucalypts. For. 
Ecol. Manage. 181(5): 357–372. 

Mendham, D.S., K. V Sankaran, A.M.O. Connell, and T.S. Grove. 2002. Eucalyptus globulus 
harvest residue management effects on soil carbon and microbial biomass at 1 and 5 years 
after plantation establishment. Soil Biol. Biochem. 34: 1903–1912. 

Mikkelsen, T.N., C. Beier, S. Jonasson, M. Holmstrup, I.K. Schmidt, P. Ambus, K. Pilegaard,  a. 
Michelsen, K. Albert, L.C. Andresen, M.F. Arndal, N. Bruun, S. Christensen, S. Danbæk, P. 
Gundersen, P. Jørgensen, L.G. Linden, J. Kongstad, K. Maraldo,  a. Priemé, T. Riis-
Nielsen, H. Ro-Poulsen, K. Stevnbak, M.B. Selsted, P. Sørensen, K.S. Larsen, M.S. Carter,  
a. Ibrom, T. Martinussen, F. Miglietta, and H. Sverdrup. 2008. Experimental design of 
multifactor climate change experiments with elevated CO2, warming and drought: The 
CLIMAITE project. Funct. Ecol. 22(1): 185–195. 



 92 

Mikutta, R., M. Kleber, M. Torn, and R. Jahn. 2006. Stabilization of soil organic matter: 
association with minerals or chemical recalcitrance? Biogeochemistry 77(1): 25–56. 

Miller, J.H., H.L. Allen, B.R. Zutter, S.M. Zedaker, and R.A. Newbold. 2006. Soil and pine 
foliage nutrient responses 15 years after competing-vegetation control and their correlation 
with growth for 13 loblolly pine plantations in the southern United States. Can. J. Res. 
2425: 2412–2425. 

Murray, B.C., B. Sohngen, A.J. Sommer, B. Depro, K. Jones, B. McCarl, D. Gillig, B. 
DeAngelo, and K. Andrasko. 2005. Greenhouse Gas Mitigation Potential in U.S. Forestry 
and Agriculture. Washington, D.C. 

Neale, S.P., Z. Shah, and W. a. Adams. 1997. Changes in microbial biomass and nitrogen 
turnover in acidic organic soils following liming. Soil Biol. Biochem. 29(9–10): 1463–
1474. 

Nepstad, D.C., C.R. de Carvalho, E.A. Davidson, P.H. Jipp, P.A. Lefebvre, G.H. Negreiros, E.D. 
da Silva, T.A. Stone, S.E. Trumbored, and S. Vierira. 1994. The role of deep roots in the 
hydrological and carbon cycles of Amazonian forests and pastures. Nature 372: 666–669. 

Ni, X., W. Yang, Z. Qi, S. Liao, Z. Xu, B. Tan, B. Wang, Q. Wu, C. Fu, C. You, and F. Wu. 
2017. Simple additive simulation overestimates real influence: altered nitrogen and rainfall 
modulate the effect of warming on soil carbon fluxes. Glob. Chang. Biol. 23(8): 3371–3381. 

Nielsen, P.L. 2015. Carbon Dynamics in Heathlands in Response to a Changing Climate. 
Nielsen, P.L., L.C. Andresen, A. Michelsen, I.K. Schmidt, and J. Kongstad. 2009. Seasonal 

variations and effects of nutrient applications on N and P and microbial biomass under two 
temperate heathland plants. Appl. Soil Ecol. 42: 279–287. 

Oh, N., and P.A. Raymond. 2006. Contribution of agricultural liming to riverine bicarbonate 
export and CO2 sequestration in the Ohio River basin. Global Biogeochem. Cycles 20(June 
2005): 1–17. 

Olivier, J.G.J. (PBL), G. (EC-J. Janssens-Maenhout, M. (EC-J. Muntean, and J.A.H.W. (PBL) 
Peters. 2016. Trends in Global CO2 Emissions: 2016 Report. The Hague. 

Olsen, A.A., and J.D. Rimstidt. 2008. Oxalate-promoted forsterite dissolution at low pH. 
Geochim. Cosmochim. Acta 72: 1758–1766. 

Olsson, B.A., H. Lundkvist, and J. Bengtsson. 1996. Carbon and nitrogen in coniferous forest 
soils after clear-felling and harvests of different intensity. 82(95): 19–32. 

Orwin, K.H., M.U.F. Kirschbaum, M.G. St John, and I.A. Dickie. 2011. Organic nutrient uptake 
by mycorrhizal fungi enhances ecosystem carbon storage: A model-based assessment. Ecol. 
Lett. 14(5): 493–502. 

Paradelo, R., I. Virto, and C. Chenu. 2015. Agriculture, Ecosystems and Environment Net effect 
of liming on soil organic carbon stocks: A review. Agric. Ecosyst. Environ. 202: 98–107. 

Paustian, K., N.H. Ravindranath, and A. van Amstel. 2006. Volume 4: Agriculture, Forestry and 
Other Land Use. In Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K. (eds.), 
2006 IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by the National 
Greenhouse Gas Inventories Programme. IGES, Japan. 

Pendall, E., S. Bridgham, P.J. Hanson, B. Hungate, D.W. Kicklighter, D.W. Johnson, B.E. Law, 
Y. Luo, J.P. Megonigal, M. Olsrud, M.G. Ryan, and S. Wan. 2004. Below-ground process 
responses to elevated CO2 and temperature: a discussion of observations, measurement 
methods, and models. New Phytol. 162(2): 311–322. 

Pendall, E., S. Del Grosso, J.Y. King, D.R. LeCain, D.G. Milchunas, J.A. Morgan, A.R. Mosier, 
D.S. Ojima, W.A. Parton, P.P. Tans, and J.W.C. White. 2003. Elevated atmospheric CO 2 



 93 

effects and soil water feedbacks on soil respiration components in a Colorado grassland. 
Global Biogeochem. Cycles 17(2): n/a-n/a. 

Pendall, E., and J.Y. King. 2007. Soil organic matter dynamics in grassland soils under elevated 
CO2: Insights from long-term incubations and stable isotopes. Soil Biol. Biochem. 39(10): 
2628–2639. 

Pendall, E., Y. Osanai, A.L. Williams, and M.J. Hovenden. 2011. Soil carbon storage under 
simulated climate change is mediated by plant functional type. Glob. Chang. Biol. 17(1): 
505–514. 

Penuelas, J., P. Prieto, C. Beier, C. Cesaraccio, P. De Angeliss, G. De Datos, B.A. Emmett, M. 
Estiatre, J. Garadnai, A. Gorissen, E.K. Lang, G. Kroel-Dulay, L. Llorens, G. Pellizzaro, T. 
Riis-Nielsen, I.K. Schmidt, C. Sirca, A. Sowerby, D. Spano, and A. Tietema. 2007. 
Response of plant species richness and primary productivity in shrublands along a north – 
south gradient in Europe to seven years of experimental warming and drought : reductions 
in primary productivity in the heat and drought year of 2003. Glob. Chang. Biol. 13: 2563–
2581. 

Perrin, A., A. Probst, and J. Probst. 2008. Impact of nitrogenous fertilizers on carbonate 
dissolution in small agricultural catchments: Implications for weathering CO2 uptake at 
regional and global scales. Geochim. Cosmochim. Acta 72: 3105–3123. 

Pihlatie, M.K., J.R. Christiansen, H. Aaltonen, J.F.J. Korhonen, A. Nordbo, T. Rasilo, G. 
Benanti, M. Giebels, M. Helmy, J. Sheehy, S. Jones, R. Juszczak, R. Klefoth, R. Lobo-do-
vale, A.P. Rosa, P. Schreiber, D. Serca, S. Vicca, B. Wolf, and J. Pumpanen. 2013. 
Comparison of static chambers to measure CH4 emissions from soils. Agric. For. Meteorol. 
171–172: 124–136. 

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R Core Team. 2017. nlme: Linear and 
Nonlinear Mixed Effects Models. 

Plummer, L.N., D.L. Parkhurst, and T.M.L. Wigley. 1979. Critical Review of the Kinetics of 
Calcite Dissolution and Precipitation. p. 537–573. In  Chemical Modeling of Aqueous 
Systems. American Chemical Society, Washington, D.C. 

Post, M., and K.C. Kwon. 2000. Soil Carbon Sequestration and Land-Use Change : Processes 
and Potential. Glob. Chang. Biol. 6: 317–328. 

Powers, R.F., D.H. Alban, R. e. Miller, A.E. Tiakrs, C.G. Wells, P.E. Avers, R.G. Cline, R.O. 
Fitzgerald, and N.S. Loftus, Jr. 1990. Sustained Productivity in North American Forests: 
Problems and Prospects. p. 49–79. In Gessel, S.P., Lacate, D.S., Weetman, G.F., Powers, 
R.F. (eds.), Proceedings of the 7th North American Forest Soils Conference: Sustained 
Productivity of Forest Soils. University of British Columbia, Faculty of Forestry 
Publications, Vancouver, B.C., Canada. 

Powers, R.F., M.D. Busse, K.J. McFarlane, J. Zhang, and D.H. Young. 2013. Long-term effects 
of silviculture on soil carbon storage: Does vegetation control make a difference? Forestry 
86(1): 47–58. 

Powers, R.F., D.A. Scott, F.G. Sanchez, R. a. Voldseth, D. Page-Dumroese, J.D. Elioff, and 
D.M. Stone. 2005. The North American long-term soil productivity experiment: Findings 
from the first decade of research. For. Ecol. Manage. 220: 31–50. 

Prior, S.A., H.A. Torbert, G.B. Runion, H.H. Rogers, and B.A. Kimball. 2008. Free-Air CO 
Enrichment of Sorghum: Soil Carbon and Nitrogen Dynamics. J. Environ. Qual. 37(3): 753. 

Procter, A.C., R.A. Gill, P.A. Fay, H.W. Polley, and R.B. Jackson. 2015. Soil carbon responses 
to past and future CO2 in three Texas prairie soils. Soil Biol. Biochem. 83: 66–75. 



 94 

Raper, R.L., and D.C. Erbach. 1987. Bulk Density Measurement Variability with Core Samplers. 
Trans. ASAE 30: 878–881. 

Reid, J.P., E.C. Adair, S.E. Hobbie, and P.B. Reich. 2012. Biodiversity, Nitrogen Deposition, 
and CO2 Affect Grassland Soil Carbon Cycling but not Storage. Ecosystems 15: 580–590. 

Renforth, P. 2012. The potential of enhanced weathering in the UK. Int. J. Greenh. Gas Control 
10: 229–243. 

Renforth, P., P.A.E. Pogge von Strandmann, and G.M. Henderson. 2015. The dissolution of 
olivine added to soil: Implications for enhanced weathering. Appl. Geochemistry 61: 109–
118. 

Ross, D.J., S.J. Grayston, and D. Whitehead. 2006. Changes in soil carbon and nitrogen 
properties and microbial communities in relation to growth of Pinus radiata and Nothofagus 
fusca trees after 6 years at ambient and elevated atmospheric CO2. Glob. Chang. Biol. 
12(9): 1690–1706. 

Ross, D.J., P.C.D. Newton, K.R. Tate, and D. Luo. 2013. Impact of a low level of CO2 
enrichment on soil carbon and nitrogen pools and mineralization rates over ten years in a 
seasonally dry, grazed pasture. Soil Biol. Biochem. 58: 265–274. 

Ruehlmann, J. 2009. Calculating the Effect of Soil Organic Matter Concentration on Soil Bulk 
Density. 73(3). 

Rustad, A.L.E., J.L. Campbell, G.M. Marion, R.J. Norby, M.J. Mitchell, J.H.C. Cornelissen, J. 
Gurevitch, and Gete-News. 2001. A Meta-Analysis of the Response of Soil Respiration , 
Net Nitrogen Mineralization , and Aboveground Plant Growth to Experimental Ecosystem 
Warming. Oecologia 126(4): 543–562. 

Rustad, L.E., T.G. Huntington, and D. Boone. 2000. Controls on soil respiration : Implications 
for climate change. Biogeochemistry 48: 1–6. 

Sardans, J., J. Peñuelas, and M. Estiarte. 2008. Changes in soil enzymes related to C and N cycle 
and in soil C and N content under prolonged warming and drought in a Mediterranean 
shrubland. Appl. Soil Ecol. 39(2): 223–235. 

Scharlemann, J.P., E.V. Tanner, R. Hiederer, and V. Kapos. 2014. Global soil carbon: 
understanding and managing the largest terrestrial carbon pool. Carbon Manag. 5(1): 81–91. 

Schenk, H.J., and R.B. Jackson. 2002. The global biogeography of roots. Ecol. Monogr. 72(3): 
311–328. 

Schindlbacher, A., J. Schnecker, M. Takriti, W. Borken, and W. Wanek. 2015. Microbial 
physiology and soil CO2 efflux after 9 years of soil warming in a temperate forest - no 
indications for thermal adaptations. Glob. Chang. Biol. 21: 4265–4277. 

Schmidt, M.W.I., M.S. Torn, S. Abiven, T. Dittmar, G. Guggenberger, I. a Janssens, M. Kleber, 
I. Kögel-Knabner, J. Lehmann, D. a C. Manning, P. Nannipieri, D.P. Rasse, S. Weiner, and 
S.E. Trumbore. 2011. Persistence of soil organic matter as an ecosystem property. Nature 
478(7367): 49–56. 

Schuiling, R.D., and P. Krijgsman. 2006. Enhanced weathering: An effective and cheap tool to 
sequester CO2. Clim. Change 74: 349–354. 

Selsted, M.B., L. Linden, A. Ibrom, A. Michelsen, K.S. Larsen, J.K. Pedersen, T.N. Mikkelsen, 
K. Pilegaard, C. Beier, and P. Ambus. 2012. Soil respiration is stimulated by elevated CO2 
and reduced by summer drought: three years of measurements in a multifactor ecosystem 
manipulation experiment in a temperate heathland (CLIMAITE). Glob. Chang. Biol. 18(4): 
1216–1230. 

Semhi, K., P.A. Suchet, N. Clauer, and J. Probst. 2000. Impact of nitrogen fertilizers on the 



 95 

natural weathering-erosion processes and fluvial transport in the Garonne basin. Appl. 
Geochemistry 15: 865–878. 

Shan, J., L.A. Morris, and R.L. Hendrick. 2002. The effects of management on soil and plant 
carbon sequestration in slash pine plantations. J. Appl. Ecol. 38(5): 932–941. 

Slesak, R.A., S.H. Schoenholtz, T.B. Harrington, and N.A. Meehan. 2011. Initial Response of 
Soil Carbon and Nitrogen to Harvest, Intensity and Competing Vegetation Control in 
Douglas-Fir (Pseudotsuga mennziesii) Plantations of the Pacific Northwest (R Harrison, D 
Richter, and T Fox, Eds.). For. Sci. 57(1). 

Soil Survey Staff. 2010. Keys to Soil Taxonomy. United States Department of Agriculture- 
Natural Resources Conservation Service. 

Soldal, J. 2015. Silicate weathering in soils : A solution for soil pH management ? 
Steinbrenner, E.C., and F.E. Gehrke. 1973. Soil Survey of the McDonald Tree Farm. Tacoma, 

WA. 
Stone, E.L., and P.J. Kalisz. 1991. On the maxiumum extent of tree roots. For. Ecol. Manage. 46: 

59–102. 
Van Straaten, P. 2006. Farming with rocks and minerals: challenges and opportunities. An. 

Acad. Bras. Cienc. 78(4): 731–747. 
Strahm, B.D., and R.B. Harrison. 2007. Mineral and organic matter controls on the sorption of 

macronutrient anions in variable-charge soils. Soil Sci. Soc. Am. J. 71(6): 1926. 
Strahm, B.D., and R.B. Harrison. 2008. Controls on the sorption, desorption and mineralization 

of low-molecular-weight organic acids in variable-charge soils. Soil Sci. Soc. Am. J. 72(6): 
1653. 

Sumner, M.E., and A.D. Noble. 2003. Soil Acidification: The World Story. p. 1–28. In Rengel, 
Z. (ed.), Handbook of Soil Acidity. CRC Press, New York. 

Sumner, M.E., and T. Yamada. 2002. Farming with Acidity. Commun. Soil Sci. Plant Anal. 
33(15–18): 2467–2496. 

Sundquist, E.T. 1993. The global carbon dioxide budget. Science (80-. ). 259(5097): 934–941. 
Talhelm, A.F., K.S. Pregitzer, and D.R. Zak. 2009. Species-specific responses to atmospheric 

carbon dioxide and tropospheric ozone mediate changes in soil carbon. Ecol. Lett. 12: 
1219–1228. 

Taylor, L.L., J. Quirk, R.M.S. Thorley, P.A. Kharecha, J. Hansen, A. Ridgwell, M.R. Lomas, 
S.A. Banwart, and D.J. Beerling. 2015. Enhanced weathering strategies for stabilizing 
climate and averting ocean acidification. Nat. Clim. Chang. (December). 

Terry, T.A., R.A. Harrison, and C.A. Harrington. 2001. Fall River Long-term Site Productivity 
Study: Objectives and Design. 

Tingey, D.T., E.H. Lee, R. Waschmann, M.G. Johnson, and P.T. Rygiewicz. 2006. Does soil 
CO2 efflux acclimatize to elevated temperature and CO2 during long-term treatment of 
Douglas-fir seedlings? New Phytol. 170(1): 107–118. 

Todd-Brown, K.E.O., J.T. Randerson, W.M. Post, F.M. Hoffman, C. Tarnocai, E. a G. Schuur, 
and S.D. Allison. 2013. Causes of variation in soil carbon simulations from CMIP5 Earth 
system models and comparison with observations. Biogeosciences 10(3): 1717–1736. 

Torbert, A.H., H.H. Rogers, S.A. Prior, W.H. Schlesinger, and B.G. Runion. 1997. Effects of 
elevated atmospheric CO 2 in agro-ecosystems. Glob. Chang. Biol. 3: 513–521. 

Torn, M.S., A.G. Lapenis, A. Timofeev, M.L. Fischer, B. V. Babikov, and J.W. Harden. 2002. 
Organic carbon and carbon isotopes in modern and 100-year-old-soil archives of the 
Russian steppe. Glob. Chang. Biol. 8: 941–953. 



 96 

Trueman, R.J., and M.A. Gonzalez-Meler. 2005. Accelerated belowground C cycling in a 
managed agriforest ecosystem exposed to elevated carbon dioxide concentrations. Glob. 
Chang. Biol. 11(8): 1258–1271. 

Trumbore, S.E., E.A. Davidson, P.B. de Camargo, D.C. Nepstad, and L.A. Martinelli. 1995. 
Belowground cycling of carbon in forests and pastures of Eastern Amazonia. Global 
Biogeochem. Cycles 9(4): 515–528. 

Tucker, C.L., J. Bell, E. Pendall, and K. Ogle. 2013. Does declining carbon-use efficiency 
explain thermal acclimation of soil respiration with warming? Glob. Chang. Biol. 19(1): 
252–63. 

von Uexküll, H., and E. Mutert. 1995. Global extent, development and economic impact of acid 
soils. p. 5–19. In Date, R., Grundon, N., Raymet, G., Probert, M. (eds.), Plant–Soil 
Interactions at Low pH: Principles and Management. Kluwer Academic Publishers, 
Dordrecht, The Netherlands. 

USDA Forest Service. 2001. U.S. Forest Facts and Trends. 
Wachendorf, C. 2015. Effects of liming and mineral N on initial decomposition of soil organic 

matter and post harvest root residues of poplar. Geoderma 259–260: 243–250. 
Wallmann, K., and G. Aloisi. 2012. The Global Carbon Cycle: Geological Processes. In Knoll, 

A.H., Canfield, D.E., Konhauser, K.O. (eds.), Fundamentals of Geobiology. 1st ed. 
Blackwell Publishing Ltd. 

West, T.O., and A.C. McBride. 2005. The contribution of agricultural lime to carbon dioxide 
emissions in the United States: Dissolution, transport, and net emissions. Agric. Ecosyst. 
Environ. 108(2): 145–154. 

West, T.O., and W.M. Post. 2002. Soil organic carbon sequestration rates by tillage and crop 
rotation : a global data analysis. Soil Sci. Soc. Am. J. 66: 1930–1946. 

White, E.M. 2010. Woody biomass for bioenergy and biofuels in the United States — a briefing 
paper. General Technical Report PNW-GTR-825. Portland, OR. 

Wogelius, R.A., and J.V. Walther. 1991. Olivine Dissolution at 25°C: Effects of pH, CO2, and 
organic acids. Geochim. Cosmochim. Acta 55(943–954). 

Yamada, T. 2005. The Cerrado of Brazil: A success story of production on acid soils. Soil Sci. 
Plant Nutr. 51(5): 617–620. 

Yue, K., D.A. Fornara, W. Yang, Y. Peng, C. Peng, Z. Liu, and F. Wu. 2017. Influence of 
multiple global change drivers on terrestrial carbon storage: additive effects are common. 
Ecol. Lett. 20(5): 663–672. 

Zabowski, D., N. Whitney, J. Gurung, and J. Hatten. 2004. Soil total carbon in the coarse 
fraction and at depth. Soil Sci. Soc. Am. J. 57(1): 24. 

Zhou, X., L. Zhou, Y. Nie, Y. Fu, Z. Du, J. Shao, Z. Zheng, and X. Wang. 2016. Similar 
responses of soil carbon storage to drought and irrigation in terrestrial ecosystems but with 
contrasting mechanisms: A meta-analysis. Agric. Ecosyst. Environ. 228: 70–81. 

 


