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Abstract of the Dissertation 

 Effects of Elevated Carbon Dioxide on Trace Metal Cycling in Forests  

by 

Susan Mary Natali 

Doctor of Philosophy 

in 

Ecology and Evolution 

Stony Brook University 

2008 

 
  

Changes in plant growth and function associated with increased atmospheric 

carbon dioxide (CO2) can affect element cycling and ecosystem processes.  My 

dissertation examines CO2 effects on trace metals in plants and soils because of the 

massive impact plant processes have on metal cycling and the importance of metals as 

both contaminants and micronutrients. 

I examined CO2 effects on a suite of metal micronutrients and contaminants in 

forest trees and soils at two free-air CO2 enrichment (FACE) sites—a loblolly pine forest 

in North Carolina and a sweetgum plantation in Tennessee—and an open-top chamber 

experiment in a scrub oak community in Florida.  I found that CO2-mediated changes in 

soil properties affected the storage of metals in soils.  There was a general decline in 

foliar metal concentrations with CO2 enrichment; however, CO2 effects on foliar metals 

were species and element specific. 

I also focused on CO2 effects on the cycling of mercury (Hg) because Hg is an 

ecosystem contaminant whose movement through the environment is mediated by 

biological activity.  Hg concentrations in soils increased with CO2 enrichment at both 

FACE sites, but there were no direct CO2 effects on litterfall or throughfall Hg 

deposition. 

iii 



To better understand the link between plant essential metals, elevated CO2 and 

plant function, I focused on CO2 effects on nitrate reductase activity (NaR) and the NaR 

cofactor metal, molybdenum (Mo).  As a rate-limiting step in nitrate assimilation, the 

reduction of nitrate is an important component of plant physiological response to elevated 

CO2 and terrestrial carbon sequestration.  I found that both CO2 and N enrichment had 

species-specific impacts on NaR and that NaR was negatively correlated with bio-

available soil Mo across treatments, suggesting that CO2 and N-mediated changes in soil 

nutrient status/plant function are altering soil Mo dynamics. 

This dissertation demonstrates that increased atmospheric CO2 has the potential to 

affect the biological cycling, storage, and stoichiometry of trace metals in terrestrial 

systems.  These changes in metal dynamics may have important implications for plant 

and ecosystem processes, human nutrition, and the movement of contaminants through 

the biosphere. 
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Chapter 1: Trace metal stoichiometry: human perturbation and elemental 

imbalance in terrestrial systems 

 

 

 

1. Introduction 

For centuries, scientists have recognized the requirement of nutrients for plant 

growth and survival and have been addressing the role of macronutrient acquisition in 

both managed and unmanaged terrestrial systems (Chapin 1980; Rubio et al. 2003; van 

der Ploeg et al. 1999).  Resource acquisition models have formed the bases of theories of 

plant competition and coexistence (Tilman 1985; Tilman et al. 1997), diversity and 

distribution (Anderson et al. 2004; Chesson 2000), anti-herbivore defense (Bryant et al. 

1983), and allocation strategies (Gleeson and Tilman 1992).  Many studies have 

highlighted the importance, not only of single nutrient dynamics, but also of nutrient 

ratios in mediating ecological processes (Sterner and Elser 2002).  Much of the 

ecological focus on element dynamics, however, has been centered on carbon and 

macronutrients (e.g., Knecht and Goransson 2004; Vanarendonk and Poorter 1994; 

Willby et al. 2001).  

While trace metals are important as both micronutrients and ecosystem 

contaminants, little attention has been paid to the ecology of trace metals.  One reason for 

the lack of attention to trace metals in ecological literature is that, until recently, metal 

supply may often have been in excess of plant demand and metal contamination was rare.  

Anthropogenic activities, however, are changing both metal supply levels and plant 

demands.  For example, human inputs of nitrogen (N) may be alleviating historical N 

limitation in plants and creating limitation by metal micronutrients in natural ecosystems, 

as has been found in many agricultural systems.  Changes in plant physiology and growth 

with CO2 fertilization may also change plant demand for metal micronutrients and alter 

the biological role of plants in the cycling of metal contaminants.    

Through both direct (e.g., industrial runoff and agricultural practices) and indirect 

(e.g., increased atmospheric CO2 and soil acidification) processes, human activities are 
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altering total soil metal content, biological availability, as well as trace metal limitation 

and toxicity thresholds in plants.  These changes in metal dynamics may have important 

implications for ecological interactions, human nutrition, and the movement of 

contaminants through the biosphere.   

In the following sections, I will: i. review the role of trace metals in plant processes; 

ii. examine the role and mechanisms of trace metal interactions in alleviating or 

exacerbating element limitation and toxicity thresholds; iii. discuss our current 

knowledge of trace metals in unmanaged systems; and iv. address the potential impacts of 

human alteration of element cycles and the global energy balance on trace metal 

dynamics.   

 

2. Trace metals overview 

2.1. Geological trace metal 

In geological terms, a trace metal is a metal that occurs in only minor amounts (< 

1.0 mg kg-1) in water or sediment [e.g., arsenic (As), cadmium (Cd), chromium (Cr), 

copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), and zinc (Zn); Berndt et al. 1998].  

Plants can affect the cycling of metals—even those that are not used by plants—through 

uptake from soils, redistribution via litterfall, and changes in root exudates and 

rhizosphere chemistry.  In the case of Hg, plant canopies serve as an important conduit 

for the transfer of this contaminant from the atmosphere to soils (Grigal 2003; St Louis et 

al. 2001).  At high concentrations trace metals can limit plant productivity by interfering 

with physiological processes and uptake of biologically essential nutrients (Barcelo and 

Poschenrieder 1990; Clijsters and Vanassche 1985; Vanassche and Clijsters 1990).  In 

this review, I will not focus on toxicity effects of single geological trace metals on plant 

dynamics because this research has already been well-summarized (Clemens 2001; Foy 

et al. 1978).  In discussing non-essential trace metals, I will focus on element interactions 

and human alteration of metal stoichiometries.   

 

2.2. Biological trace metals 
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Some elements that are geological trace metals are also essential plant nutrients.  In 

biological terms a trace element is an element required in minor amounts that has specific 

and essential metabolic functions (Marschner 1995).  For an element to be considered 

essential it must be required by an organism to complete its life cycle and be non-

replaceable (Arnon and Stout 1939).  Six of the eight known plant micronutrients are 

metals [copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), and 

zinc (Zn)].  All of the metal micronutrients are transition metals.  Some of the properties 

of transition metals as a group that make them well-suited to their biological role as 

micronutrients include multiple oxidation states (with the exception of Zn) and tendency 

to form strong complexes with biological ligands (Clarkson and Hanson 1980).   

Some metal micronutrients have high soil concentrations (e.g., Fe), but it is 

important to note that total abundance in soils does not necessarily reflect availability.  

While plant concentrations of trace metals are generally lower than those found in soils, 

trace metal limitation may occur because plants do not have access to the total soil pool 

due to metal adsorption and formation of insoluble organic and inorganic complexes 

(Guerinot and Yi 1994; Gupta and Lipsett 1981; Sims and Evarsi 1997).  The 

physicochemical properties that make metals biologically important can also restrict their 

uptake under certain soil conditions.  For example, Fe frequently is limiting even when 

total soil pools are high because Fe forms insoluble ferric oxides, which are not 

biologically available (Guerinot and Yi 1994).   

 

2.3. Variation in soil metals across soil types  

Metal concentrations and bioavailabilities vary with parent material and soil age.  

While metal distribution in soils can be highly heterogeneous, there are some general 

patterns of soil metal distribution over large geographic areas driven by parent material, 

soil age, and pedogenic processes (Holmgren et al. 1993).  For example, serpentine soils 

are characterized by high concentrations of heavy metals (e.g., Ni, Cr, and Co) because of 

high metal content of the ultramafic parent material (Gasser and Dahlgren 1994; Gasser 

et al., 1995).  Young soils, such as andisols, derived from volcanic material are 

characterized by high fertility and high metal content.  Variation in volcanic source 
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material, however, can have a greater impact on soil metal content than soil age (Burt 

2003).  Low metal availabilities are common in older/weathered soils, such as oxisols and 

ultisols, common in tropical and subtropical regions; both of these tropical soil types are 

generally characterized by low organic matter contents, low pH values and high levels of 

Fe oxides (Rieuwerts 2007, USDA 1999).  Although Fe oxides bind metals in soils, many 

tropical soils have low overall metal content because of low organic matter, low cation 

exchange capacity, and low pH (Rieuwerts 2007).   

 

3. Functional role of trace metals in plants 

As common components of enzymes, trace metals are key regulators of metabolism 

and growth and play a central role in the acquisition of macronutrients and in the 

assimilation of carbon.  Micronutrients in plants function as constituents of enzymes, 

regulators of enzyme activity, and mediators of numerous essential redox reactions 

(Marschner 1995).  Examples of some of the functions of plant metal micronutrients can 

be found in the Table 1 and in the text that follows.  In the following sections, I provide a 

brief overview of the biological role of each metal micronutrient in plants, as well as soil 

and environmental conditions that may lead to limitation or toxicity thresholds under 

natural ecological conditions (i.e., not under conditions of direct anthropogenic inputs).  

A more extensive overview can be found in Marschner (1995) and in reviews by 

Clarkson and Hanson (1980) and Welch (1995).   

 

3.1. Iron 

Fe serves a redox function in a wide-scope of physiological processes in plants 

including photosynthesis (ferredoxin), nitrogen assimilation (nitrate reductase), and 

respiration (cytochrome; Clarkson and Hanson 1980).  The characteristics of Fe that 

support its broad use in biological processes are its ability to transition between redox 

states II and III, and to complex with a diverse group of ligands (Hell and Stephan 2003).  

These characteristics, however, also restrict the availability of Fe in soils.  Fe (II) is the 

form of Fe absorbed by plants.  In well-aerated alkaline soils, however, Fe (II) is oxidized 
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to the insoluble Fe (III); Fe in aerated soils can be orders of magnitude lower than plant 

requirement (Hell and Stephan 2003).  

When Fe bio-availability is low, plant Fe uptake is supported by deficiency-induced 

chelation and reduction systems (Hell and Stephan 2003).  Plants can acquire Fe (III) 

after reduction to Fe (II), primarily through up-regulation of ferric reductase, which is 

induced by low Fe availability but is inhibited in high pH soils (Graham and Stangoulis 

2003). Under low Fe, plants in the family Graminaceae take up Fe (III) after chelation 

with phytosiderophores, which are not inhibited by high pH (Graham and Stangoulis 

2003).  These Fe uptake strategies have been well-documented and reviewed (Lindsay 

and Schwab 1982; Marschner and Romheld 1994; Romheld 1987).   Fe toxicity tends to 

occur in soils that are water-logged, particularly those with moderate to high acidities, 

because of reduction of insoluble Fe(III) oxides to Fe(II) in reducing environments  

(Favre et al. 2002; Lucassen et al. 2000).   

 

3.2. Copper 

Cu has two oxidation states—Cu (I) and Cu (II)—and serves a redox function in 

several oxidase enzymes.  Cu is a component of superoxide dismutase, an enzyme 

important for detoxification of superoxide radicals and in protection of plants from ozone 

damage (Pitcher and Zilinskas 1996).  Cu is also a component of plastocyanin—an 

electron donor to Photosystem I (Clarkson and Hanson 1980).  Further information on the 

role of Cu in plants can be found in Gladstones et al. (1975), Maksymiec (1997), and 

Sommer (1931).   

Most Cu in soils is not available for plant uptake because it is bound to organic 

matter, to metal oxides, or trapped in soil minerals (Bolan and Duraisamy 2003; do 

Nascimento et al. 2007).  The divalent form of Cu is the form readily absorbed by plants 

(Grusak et al. 1999).  Bioavailability of Cu is low in calcareous soils (Grusak et al. 1999), 

and increases with decreasing pH (Chaignon et al. 2003; Gupta and Aten 1993). 

 

 3.3. Manganese 



 6

Mn also plays a central role in photosynthesis—Mn is a required component of the 

oxygen evolving complex (OEC) of Photosystem II and is required for PEP 

carboxykinase activation in C4 plants (Henriques 2003).  Mn serves a redox role in a 

range of enzymes (e.g., Mn superoxide dismutase, Mn peroxidase, Mn catalase).  As with 

other transition metals, the biological role of Mn is governed by its chemical properties, 

primarily, its ability to transition between oxidation states II, III and IV (Yachandra et al. 

1996).   

Mn availability is often limited in calcareous soils (Grusak et al. 1999).  Like Fe 

and Cu, the biologically active form (and form that is absorbed by plants) of Mn is the 

divalent form.  Mn availability increases in reducing atmospheres, such as waterlogged 

anaerobic soils and soils with low redox potentials (Jones and Ethering 1970; Tao et al. 

2007).  Mn toxicity, which is more common in tropical soils, is tied to soil pH because 

Mn availability increases with soil acidity (Ohki 1976; Ohki 1985; Vadez et al. 2000).  

Throughout the US, Mn deficiency is more common, especially in high pH soils (Graham 

et al. 1995; Saberi et al. 1999).  Mn deficient plants have lower leaf photosynthetic 

capacity, primarily due to decreased number of PS II units per unit leaf area (Henriques 

2003).  Mn-deficiency can also limit N2-fixation because Mn is involved in ureide 

degradation (Todd et al. 2006; Vadez et al. 2000). 

 

3.4. Molybdenum 

There are only four known Mo-dependent enzymes in plants: nitrate reductase, 

xanthine dehydrogenase, aldehyde oxidase, and sulfite oxidase (Kaiser et al. 2005; 

Mendel and Hansch 2002).  Mo is also a required cofactor of nitrogenase, the bacterial 

enzyme that catalyzes the N2-fixation reaction (Mendel and Hansch 2002).  Soil Mo can 

have oxidation state II through VI, but only Mo VI is soluble and available to plants 

(Mendel and Hansch 2002).  Plants absorb dissolved Mo primarily as the molybdate ion, 

MoO4
-2.   

Mo soil availability is dependent upon soil pH, soil metal oxide content, organic 

matter content, and soil drainage (Kaiser et al. 2005).  Unlike other metal micronutrients, 

Mo availability decreases in acidic soils (<5.5) due to increased adsorption onto metal 
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oxides (Kaiser et al. 2005; Stiefel 2002).  Although plant requirement for Mo is quite 

low, Mo deficiency occurs across a range of species and plant functional types (Gupta 

1997).  Mo-deficiency is widespread in tropical legumes (Schwenke and Kerridge 2000) 

because of soil acidity and high Mo requirements for nitrogenase.  Because Mo limitation 

affects nitrate reductase, Mo-deficient plants can exhibit symptoms of N-deficiency 

(Mendel and Hansch 2002).   

 

3.5. Nickel 

The only known role of Ni in plants is the activation of urease.  Urea is an 

important N metabolite in plants and important for within plant N transport; as such, Ni 

deficient plants are often metabolically N-deficient (Bai et al. 2006; Gerendas and 

Sattelmacher 1997; Marschner 1995).  Ni has been recognized as an essential plant 

nutrient for less than a decade (Bai et al. 2006), and Ni deficiency has only been reported 

in a few species.  Patterns of Ni availability in soils are similar to other metal 

micronutrients (with the exception of Mo).  Soil pH is the most important factor 

determining the bioavailability of Ni in soils; Ni availability decreases with increasing 

pH because increased binding of Ni to soil organic and inorganic matter (Weng et al. 

2003; Weng et al. 2004). 

 

3.6. Zinc 

Zn is a component of a diverse group of enzymes, which include carbonic 

anhydrase, superoxide dismutase, RNA and DNA polymerase, and several 

dehydrogenases, to name a few (Clarkson and Hanson 1980).  Unlike other metal 

micronutrients, Zn does not transition between oxidation states and does not serve a 

redox role; rather, Zn serves a catalytic and structural role (Berg and Shi 1996).  The 

main property of Zn that makes it a ubiquitous micronutrient in plants (and across 

eukaryotic taxa) is its strong tendency to form stable tetrahedral bonds and lack of redox 

activity (Berg and Shi 1996; Cakmak 2000; Clarkson and Hanson 1980).  

Zn deficiency is common in plants worldwide, especially in arid and semi-arid 

regions where alkaline soils are common (Cakmak 2000; Guerinot and Eide 1999; Rashid 
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and Ryan 2004).  Zn deficiency is more prevalent in calcareous soils, alkaline soils, and 

soils with low organic matter (Rashid and Ryan 2004).  Most soil Zn is not available 

because it is bound to organic matter and to metal oxides or held in soil minerals (Grusak 

et al. 1999).   

  

4. Interactions among trace metals 

While soil properties may govern metal micronutrient bioavailabilities, plant 

populations and species vary in their requirement for metal micronutrients and tolerance 

of metal contaminants.  Biological availability of metals may also be affected by 

elemental interactions in soils and plants, and interactions among trace metals can be 

important determinants of plant limitation/toxicity thresholds.  Competitive uptake 

between two metals can increase deficiency symptoms or alleviate toxicity based on 

concentrations of the interacting metals in soils and plants.   

Antagonistic or synergistic interactions between elements may occur as a result of 

ion interactions in soils, at the plant-soil interface, in plant transport systems, and through 

physiological interference.  Chapin (1980) recognized the vital role of element 

interactions in resource acquisition in noting that the rate of absorption of one nutrient 

frequently depends upon the concentration of another.  This dependence results from the 

use of one element to obtain another, competitive inhibition for ion absorption sites, or 

maintenance of cation-anion balance.   

In the following sections I present a few examples of trace metal interactions (or 

interactions of macronutrients with trace elements) as they pertain to element deficiency 

or toxicity.  This is not meant to be a complete review of trace element function in plant 

metabolism, element uptake and assimilation, or overview of all possible synergistic and 

antagonistic element interactions (see Foy et al. 1978, Marschner 1995, Kabata-Pendias 

2000).  The element interactions discussed are provided to exemplify the scope of 

stoichiometric effects, the role of trace metal stoichiometry in plant metabolism, growth, 

and survival, and potential impacts of human induced stoichiometric imbalance.   

 

4.1. Induced deficiency 
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The ratio of elements in soils and plants can affect plant growth and survival 

through stoichiometrically induced element-deficiency.  Induced deficiency may occur 

due to dilution of the deficient nutrient through growth enhancement (Loneragan et al. 

1979; Neilsen and Hogue 1986) or through one of several interference mechanisms.  

Interference can take place at the soil-root interface (Loneragan et al. 1979; Marschner 

1995; Marschner and Schropp 1977) or can affect within plant element mobility (Hill et 

al. 1978). 

Induced deficiency can also occur as a result of altered plant physiology, 

morphology, and phenology (Hill et al. 1978; Marschner 1995).  For example, N 

fertilization can aggravate Cu deficiency (Dias and Oliveira 1996) because as plant N-

levels increase, a greater proportion of total Cu is complexed to amino acids and proteins.  

High N supply also causes a delayed senescence of leaves and thus a delay in Cu 

translocation (Hill et al. 1978).  Both of these mechanisms essentially decrease the 

amount of available Cu for new growth.  Because of the effect of N on senescence and 

translocation, N concentrations may also affect other elements whose availability for new 

growth is dependent upon within plant element recycling.  

Phosphorus (P) induced Zn deficiency is common in agricultural systems with low 

Zn soils (Marschner 1995).  P induced Zn deficiency has been attributed to growth-

enhanced dilution effects (Loneragan et al. 1979), within plant physiological interactions 

(Cakmak and Marschner 1986), and uptake interference (Marschner and Schropp 1977).  

High P content in soils can inhibit Zn uptake by decreasing soil Zn solubility (Marschner 

and Schropp 1977) and by decreasing root growth and mycorrhizal infection (Marschner 

1995).   

Ionic competition is likely to occur between elements that share similar chemical 

and physical properties.  Cellular ionic uptake competition between Zn and Fe, and Zn 

and magnesium (Mg), due to similarity in size and properties may result in induced Mg 

or Fe deficiency when Zn levels are high (Boardman and McGuire 1990; Marschner 

1995).  Induced deficiency of Mg when Mn levels are high can also occur as a result of 

structural and chemical similarities, and because Mg has low binding strength and can be 

competitively displace by Mn (Heenan and Campbell 1981).  Ionic competition is also 
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important for the bioavailability of Mo, which is often limited by competition between 

MoO4
2- and sulfate (SO4

2-) ions (Guyette et al. 1989; Marschner 1995; Zimmer and 

Mendel 1999).   

 

4.2. Induced tolerance  

When elements interact in such a way that one element interferes with uptake of 

another, there is the possibility for both an induced deficiency effect, as discussed above, 

or an induced tolerance effect, depending upon elemental concentrations and plant 

requirements.  This is the case for the interactions between SO4
2- and MoO4

2-, in which 

competitive uptake of these two divalent anions can occur.  At low Mo levels, SO4
2- can 

induce deficiency; while at high soil Mo levels, SO4
2- may depress Mo uptake, thereby 

increasing the toxicity threshold of soil Mo supplies (Pasricha et al. 1977).  The effect of 

Mg-Mn interactions on plant growth also may be beneficial or detrimental dependent 

upon element concentrations.  At low Mg levels, Mn can induce deficiency symptoms 

but by the same mechanism can decrease uptake of Mg at otherwise toxic levels (Heenan 

and Campbell 1981). 

Silicon (Si) has a number of beneficial effects on plant growth, especially in the 

alleviation of plant stress (Marschner et al. 1990).  One well-documented beneficial role 

of Si is the alleviation of Mn and Al toxicity through external (soil) and internal (plant) 

processes (Barcelo et al. 1993; Horst and Marschner 1978; Ma 2004).  S increases the 

toxicity threshold for Mn by affecting a more even distribution of Mn within the leaf and 

by decreasing transport of Mn from shoots to roots (Horst and Marschner 1978).   

Cd is a widespread contaminant and is a toxic heavy metal for many organisms.  

Competitive uptake between Zn and Cd has been well-documented, as has Zn induced Cd 

tolerance (Grant et al. 1998; Hart et al. 2002; Puschenreiter and Horak 2003).  The 

antagonistic effect of Zn on Cd uptake can be attributed to a common transport system at 

the root cell plasma membrane (Hart et al. 2002) and also to within plant transport 

interference (Cakmak 2000; Koleli et al. 2004).  Koleli et al. (2004) suggest that Zn 

alleviates Cd toxicity by interfering with Cd uptake and transport, but also by improving 

plant defense against Cd-induced oxidative stress. 
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4.3. Induced toxicity 

While there are fewer examples of accentuated toxicity, stoichiometrically-

mediated toxicity may occur as a result of synergistic interactions among elements.  In a 

study of metal uptake by rice, it was shown that upward transport of heavy metals in rice 

was significantly increased when multiple metals were present in soil (Zhou et al. 2003).   

Fe deficiency increases root uptake of Cu and other metals from contaminated soils 

because Fe-deficiency induced chelation and reduction uptake mechanisms may facilitate 

uptake of other divalent cations such as Cd, Zn and Mn (Chaignon et al. 2002; Cohen et 

al. 1998; Cornu et al. 2007; Graham and Stangoulis 2003).       

 

While much of the work on trace element interactions and deficiency/toxicity has 

thus far been focused on agricultural species, mechanisms and effects are a function of 

basic plant physiology, and therefore, can be applied to species in both managed and 

unmanaged systems.   Differences in toxicity and deficiency thresholds among species 

may play a pivotal role determining species distribution and ecological dynamics.   

 

5. Natural plant communities and ecological implications 

Plants vary in their uptake capacity, requirement for, and tolerance of trace metals 

(Brown et al. 1996; Freitas et al. 2004; Woodbury et al. 1999).  These differences among 

plant populations and species have been the focus of strategies of phytoremediation of 

toxic trace metals (Meagher 2000; Salt et al. 1998) and strategies of biofortification for 

increasing micronutrient content of food crops (Bouis 2002; DellaPenna 1999).  These 

differences are also likely to be important mediators of ecological dynamics in non-

managed systems.   

The ecological role of metals in plant communities has been well-recognized in 

serpentine systems.  In the United States, serpentine soils are most common in California, 

but they can be found throughout the United States and are distributed worldwide.  

Serpentine systems are characterized by low calcium to magnesium ratios in soils, 

elevated levels of soil metals (Fe, Ni, Cr, Co), and low plant nutrient concentrations 
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(Brady et al. 2005).  These unique soil characteristics lead to low plant productivity, high 

rates of endemism, and distinct plant morphologies (Brady et al. 2005; Whittaker 1954).  

Metal hyperaccumulation (particularly Ni) has been reported in numerous serpentine 

plants (Iturralde 2001; Reeves et al. 1999), and a high metal tolerance level is one 

potential mechanism supporting the high number of endemic species found on serpentine 

soils (Brady et al. 2005).   

Trace metal dynamics may be particularly important in the preservation of rare and 

endemic species because soil metals can be highly heterogeneous, and micronutrient 

limitation/toxicity thresholds are often location and genotype specific (Rashid and Ryan 

2004).  Habitat characterization and predictive distribution models for rare and endemic 

species, however, rarely consider soil trace metal supply.  Soil availabilities of three 

micronutrients—Fe, boron (B, a nonmetal micronutrient), and Cu—have been shown to 

be significant predictors of rare-plant distribution in southern Appalachian rock outcrops 

(Wiser et al. 1998).  Bowker et al. (2006) also found that the occurrence of lichen-moss 

soil crusts (which, like rare vascular plants, are patchily distributed on soil microsites) 

was correlated with soil metal concentrations (Zn, Mn, K and Mg).   

Spatiotemporal patterns in soil metal resources were also found to be an important 

factor mediating occurrence and spread of an invasive exotic species (Miller et al. 2006).  

Winter growth of the invasive exotic grass, Bromus tectorum, was found to be nutrient 

limited, and growth was positively correlated with soil Mn (and negatively correlated 

with P).  This study was conducted on calcareous soils, where Mn limitation is common 

because of sorption reactions of Mn with carbonates (Grusak et al. 1999; Miller et al. 

2006).  Therefore, a competitive advantage in Mn uptake may support the growth and 

spread of B. tectorum in low Mn soils. 

Trace element interactions would be most likely to be significant and noticeable in 

systems in which interacting elements are at or near an imbalanced (in terms of plant 

nutrition) level.  Van der Welle et al. (2007) looked at biogeochemical interactions 

between Fe and SO4
2- and the effect of element interactions on interspecific competition 

between two freshwater macrophytes—Stratiotes aloides and Elodea nuttallii.  In 

waterlogged soils, SO4
2- is reduced to sulphide (S2-).  High levels of S2- can be highly 
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toxic to plants.  S2- also binds to Fe, which may cause Fe deficiency in aquatic plants (van 

der Welle et al. 2006).  Van der Welle et al. (2007) found that growth of S. aloides was 

directly regulated by Fe-SO4
2- interactions and indirectly regulated by the effects of Fe 

and SO4
2- on the competitive strength of E. nuttallii.   

Lucassen et al. (2006) also found that Fe plays an important ecological role in 

wetland and riverine species. However, in this study Fe toxicity—which is more common 

in waterlogged soils—was affecting species distribution.  Lucassen et al. (2000) first 

reported Fe-toxicity in a natural system—in flote grass (Glyceria fluitans) growing in 

water-logged soils—and Lucassen et al. (2006) reported that Fe was among the most 

important factors that explained variation in species distribution of Alnus glutinosa (black 

alder). 

Endo and ectomycorrhizal associations can be important determinants of heavy 

metal resistance in plants (Bradley et al. 1982; Galli et al. 1994; Gildon and Tinker 1983; 

Krupa and Kozdroj 2007; Newsham et al. 1995).  Bradley et al. (1982) found lower 

concentrations of metal contaminants in shoots of plants with ericoid mycorrhizal 

associations, but higher concentrations in roots compared to non-mycorrhizal plants.  

While the mechanisms of mycorrhizal-mediated resistance to heavy metals are still 

uncertain (Jentschke and Goldbold 2000), reduced translocation of metals from roots to 

shoots in mycorrhizal-associated plants has been found in a number of studies (Bradley et 

al. 1982, Krupa and Kozdroj 2007).  Increased atmospheric CO2 and temperature both 

have been shown to enhance mycorrhizal-fungal abundance (Clemmensen et al. 2006; 

Fujimura et al. 2008; Olsrud et al. 2004), and thus, may alter plant-metal toxicity 

thresholds. 

Natural variation in soil metal concentrations and species level differences in 

toxicity and limitation thresholds suggest a role for trace metal stoichiometries in 

ecological interactions and in the structuring of natural plant communities.  Human 

alteration of trace element stoichiometries may alter species distributions and ecological 

interactions through element limitation/toxicity effects and interactions between 

elements, as discussed above.   
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6. Human Impacts  

6.1. Direct effects 

Anthropogenic activities have had both direct and indirect effects on local, regional, 

and global metal stoichiometries.  Through activities such as mining, coal combustion, 

and waste disposal, humans have moved metals from deep ore deposits in the lithosphere 

to biologically available pools (Han et al. 2002; Nriagu and Pacyna 1988).  The problem 

of metal pollution is exacerbated by the fact that unlike many organic pollutants, metals 

accumulate once they enter the soil system (Han et al. 2002). 

Atmospheric circulation patterns and deposition processes have facilitated global 

transport and transformation of metals from high activity areas to regions distant from 

sources of metal extraction and redistribution (Steinnes and Friedland 2006; Vukmirovic 

et al. 2004).  Data from Vostok ice cores and from peat cores show a pattern of human-

mediated metal redistribution that has been occurring for over 2000 years.  Pb used more 

than two millennia ago by Roman and Greek civilizations had been transported and 

distributed on a global scale (Hong et al. 1994), and anthropogenic inputs of arsenic (As), 

antimony (Sb), and Pb have been recorded in peat cores dating to over 2000 years before 

present (Shotyk et al. 1996).  Metal inputs associated with the Industrial Revolution have 

been observed in pristine areas for a number of elements including Cd, Cu, and Zn (van 

de Velde et al. 2000).  These are just a few of many examples of documented impact of 

human perturbation on local, regional, and global trace metal distributions. 

 

6.2. Indirect effects 

Indirect effects of global warming, hydroclimatic changes, and alteration of 

physical and chemical properties of soils can also affect the distribution of trace metals in 

soils and organisms.  As mentioned in Section 3, two of the most important soil factors 

regulating the bioavailability of metal micronutrients are soil organic matter and pH.  

These two factors are also key regulators of bioavailability of metal contaminants in soils 

(Crowder 1991; McLaughlin et al. 2000; Oborn et al. 1995).  In the following sections I 

will focus on global change effects on these two soil properties—pH and SOM.  I will 

also discuss the interactions between global change and biological processes on plant 
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metal stoichiometry.  I will focus on effects of elevated CO2 on trace metals in plants and 

soils, because CO2 effects on many plant and ecosystem processes have been well-

documented, yet little is known about how these changes may affect trace metal 

stoichiometry.    

 

6.2.1. Soil pH  

Soil pH is one of the main factors influencing the solubility and availability of soil 

metals (see references in Section 3).  The effects of human emissions of sulfur and 

nitrogen oxides—and their subsequent chemical conversion to nitric and sulfuric acids—

on forest soils and ecosystem processes are well-recognized.  ‘Acid rain’ can increase 

soil acidity, mobilize Al, and leach macronutrient cations such as Ca, K, and Mg 

(Johnson et al. 1981; Likens et al. 1996).  Increased soil acidity can also increase the 

solubility, availability and toxicity of soil metals such as Pb, Zn, Cu, Cd, Mn, and V 

(Hutchinson and Whitby 1977; Singh and Agrawal 2008).        

Unlike other metal micronutrients, Mo availability in soils decreases with 

decreasing pH.  Lang and Kaupenjohann (1999) measured Mo in acidic forest soils and 

found lowest extractable Mo associated with low pH values.  Plass (1983; in Lang and 

Kaupenjohann 1999) hypothesized that leaching of NO3
- from acidic forests soils is not a 

sign of N saturation, but rather of Mo deficiency.  Deposition of sulfur compounds may 

be exacerbating this problem by lowering pH and by increasing ionic competition 

between MoO4
2- and SO4

2- (Lang and Kaupenjohann 1999). 

Other global change factors may also affect soil acidity.  Increased microbial and 

root respiration under elevated CO2 may increase carbonic acid in soil water (Oh and 

Richter 2004).  In column leaching experiments, Oh and Richter (2004) found that CO2-

mediated increases in carbonic acid could increase soil acidity across soil types and also 

may solubilize Al in weathered soils.  Further research and syntheses of existing data are 

needed to determine CO2 effects on soil acidity, as well as effects on soil metal mobility.  

 

6.2.2. Soil organic matter   
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Soil organic matter (SOM) is also a key regulator of soil metal mobility and 

bioavailability.  Increased global temperatures, particularly in high latitudes, can increase 

decomposition and nutrient availability, and mobilize a significant pool of soil carbon 

(Dutta et al. 2006; Mack et al. 2004; Nowinski et al. 2008; Zimov et al. 2006).  Increased 

fire frequency, associated with higher global temperatures, can also alter both above and 

below ground carbon storage (Mack et al. 2004; Treseder et al. 2004).   

Elevated CO2 can affect carbon inputs to soils through increased litterfall, fine root 

production, and increased root exudates.  Changes in litter quality with CO2 enrichment 

(higher C: N, higher lignin) may limit decomposition and lead to increased soil carbon 

storage under elevated levels of atmospheric CO2 (Cotrufo et al. 1994; Parsons et al. 

2004).  Norby et al. (2001), however, found that while litter chemistry was altered by 

elevated CO2, effects on decomposition were not consistent across systems and studies.  

Jastrow et al. (2005) found an increase in C storage in temperate ecosystems with 

elevated CO2 exposure, and increased root production in grassland and forests exposed to 

elevated CO2.  Elevated CO2 may also affect soil carbon through increased 

rhizodeposition (Cardon 1996; Paterson et al. 1997).  Cheng and Johnson (1998) found a 

60% increase in soluble carbon in the rhizosphere of wheat plants grown at high CO2.  

Organic acids exuded by plants into the rhizosphere can act as metal complexing agents 

(Mucha et al. 2005); therefore, changes in the quality and quantity of rhizodeposits with 

CO2 fertilization may affect metal uptake and bioavailability.  Based on what we know 

about metals in soils, and global change effects on soil properties, it can be expected that 

metal biogeochemistry will be affected by these indirect effects on soil properties.       

 

6.2.3. Elevated CO2 

CO2 effects on both soil and plant functional dynamics have been well-studied.  

Direct measurements of metals in leaves and soils, however, are limited.  While soil 

properties are key mediators of plant metal bioavailabilities, metal uptake at the root 

surface and metal transport within plants can also be affected by plant requirement and 

assimilation capacities, which may be altered by increased CO2. 
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Loladze (2002) provides some evidence of an overall decline of the essential 

elements: carbon ratio in plant foliage grown in elevated CO2.  He suggests this change is 

driven by growth dilution effects and reduced bulk flow of soil water with CO2 

enrichment.  Foliar element concentrations, however, may also be affected by soil metal 

concentrations and availabilities, plant requirement, physicochemical properties of 

metals, and elemental interactions, as discussed above.  Natali et al. (in prep., Chapter 2) 

found that CO2 effects on soil metals varied across sites (a deciduous forest, pine forest, 

and scrub oak community).  There was a trend of decreased foliar metal concentrations 

for most metals; however, some metals micronutrients, such as Mn, showed increasing 

trends with CO2 enrichment.  There was some indication of biological regulation of foliar 

metals; foliar concentrations of essential metals (as a group) decreased with CO2 

enrichment less than nonessential metals in some, but not all, species studied.  This 

species level variation, which may have been driven by differences in uptake capability, 

rhizosphere chemistry, and/or metal requirement, highlights the potential role of metals 

in ecological dynamics.  Because CO2-mediated changes in foliar metal stoichiometry 

vary across species, shifts in interspecific competition for metal micronutrients may 

occur.  

Changes in soil properties (pH and SOM) can have significant effects on storage 

and mobility of metals.  This is particularly true for Hg, whose cycling is tightly linked to 

biological activity.  Natali et al. (in review, Chapter 3) found that soil Hg concentrations 

were almost 30% greater under elevated atmospheric CO2 in two temperate forests.  

There were no direct CO2 effects, however, on litterfall, throughfall, or stemflow Hg 

inputs.  Soil Hg was correlated with percent soil organic matter (SOM), suggesting that 

CO2-mediated changes in SOM have influenced soil Hg concentrations.  Through its 

impacts on SOM, elevated atmospheric CO2 may affect the Hg storage capacity of soils 

and modulate the movement of Hg through the biosphere.  At an open-top chamber CO2 

experiment in a scrub-oak community with low SOM, soil Hg concentrations were also 

correlated with SOM; however, elevated CO2 caused a decrease in soil Hg concentrations 

at this site (Natali et al., in prep. Chapter 2).   
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Physiological changes associated with CO2 enrichment may also affect 

concentrations of essential trace metals in leaves and soil.  Mo is an essential metal-

cofactor in nitrate reductase, the enzyme that catalyzes the reduction of nitrate to nitrite.  

As the rate-limiting step in nitrate assimilation, the reduction of nitrate is an important 

component of plant physiological response to elevated CO2 and terrestrial carbon 

sequestration.  Natali et al. (in review, Chapter 4) examined the effects of elevated CO2 

and N availability on the activity of nitrate reductase in two temperate forests —a closed 

canopy sweetgum plantation in Tennessee and a loblolly pine stand in North Carolina.  

Both CO2 and N enrichment had species specific impacts on nitrate reductase activity 

(NaR).  Elevated CO2 and N fertilization decreased foliar NaR in loblolly pine, but there 

were no treatment effects on sweetgum NaR at either site.  Loblolly pine NaR was 

positively correlated with foliar Mo and negatively correlated with bio-available soil Mo, 

suggesting that CO2 and N-mediated changes in plant function are altering soil-plant Mo-

dynamics. These results demonstrate that metal micronutrient status is an important 

component of plant response to CO2 enrichment.  As a required enzyme cofactor for 

several N transformation reactions (e.g., N2 fixation, nitrate assimilation, nitrification and 

denitrification) Mo is a key, yet often overlooked, player in biological N dynamics.   

 

7. Conclusion 

  While trace metals are important resources for metabolism and growth, and can be 

present in both limiting and toxic levels, very little focus has been paid to trace metals in 

unmanaged terrestrial systems.  However, trace metals are key mediators of ecological 

processes.  Direct and indirect effects of global change factors on metal distributions and 

availabilities may have increased trace metal limitation and toxicity in terrestrial systems.  

The lack of attention paid to trace metals in natural systems may be a result not only of 

the relatively recent change in trace metal dynamics (with human industrial activities), 

but also to past limitations in analytical techniques.  Recent advances in analytical 

chemistry techniques (e.g., inductively coupled plasma mass spectrometer, ICPMS) 

allow precise quantification of trace levels of elements in soils, water, plants, and other 

organisms.  These techniques provide a new opportunity to further address ecological 
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concepts and applied management questions.  Knowledge of the role of trace metal 

interactions is essential to understanding basic biological and ecological processes and 

potential impacts of anthropogenic alteration of trace metal inventories and fluxes.   

 

 

 

 

 

 
Table 1. Examples of the roles of metal micronutrients in plant function (from Marschner 1995).  

 
Oxidation 

state Enzymes Function 

Mo IV, V, VI Nitrate reductase, sulfite oxidase, 
xanthine oxidase/dehydrogenase  N assimilation 

Cu I, II Plastocyanin, tyrosinase, cytochrome 
oxidase, superoxide dismutase (SOD) 

PSI, superoxide radical 
detoxification  

Mn II, III, IV Mn-SOD; Mn-protein in PSII cofactor for 35+ enzymes, PSII 

Fe II, III Cytochromes, catalase, peroxidase, 
ferredoxin, nitrate reductase 

lignin, chlorophyll, protein 
synthesis, photorespiration,  
N assimilation, PS I  

Zn II Alcohol dehydrogenase, phospholipase, 
carbonic anhydrase, RNA polymerase 

Protein and carbohydrate 
synthesis, membrane integrity 

Ni I, II, III Urease N metabolism 
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Chapter 2: Effects of elevated carbon dioxide on trace metals in leaves and soil 

 

 

 

Introduction  

Human industrial activities over the past 200 years have led to a 35% increase in 

atmospheric CO2 concentrations, and concentrations are expected to continue to rise 

through the end of the century (IPCC 2007).  In addition to its role as a greenhouse gas, 

CO2 has an essential biological role as the building block of plant biomass.  Under 

current atmospheric CO2 concentrations, photosynthesis is CO2 limited (in C3 plants); 

therefore, as atmospheric CO2 concentrations increase, plant photosynthetic rates, carbon 

assimilation and dry matter production may also increase (Ainsworth and Long 2005; 

Curtis and Wang 1998; Ellsworth et al. 2004).   

Elevated atmospheric CO2 not only affects the total amount of plant biomass 

produced, but also the chemical make-up of plant tissue (e.g., Cotrufo et al. 1998; Roth 

and Lindroth 1995; Taub et al. 2008).  Ainsworth and Long (2005) found an 80% 

increase in foliar starch (area-based) with CO2 enrichment across a number of studies.  

Curtis and Wang (1998) found an increase in mass-based foliar starch in woody plants, 

with significantly greater effects in angiosperms than in gymnosperms.  Numerous 

studies have also found an overall decrease in the concentrations of nitrogen (N) in plants 

grown in elevated CO2 (Ainsworth and Long 2005, Cotrufo et al. 1998); in a meta-

analysis of 75 published studies, Cotrufo et al. (1998) found that N concentrations in 

aboveground tissue declined by an average of 14% in plants grown in high CO2.  While 

results are more variable for phosphorus (P), there is also a general trend of decreased P 

concentrations in plant tissue with CO2 enrichment (Gifford et al. 2000; Loladze 2002).   

Loladze (2002) suggests that there will be a decrease in concentrations of all soil-

derived nutrients in plants because the increase in atmospheric CO2 is not matched by an 

increase in soil derived elements.  Based on stoichiometric theory, Loladze argues that 

high CO2, as a rule, will lead to an element imbalance in plants.  While data on 

micronutrients are less abundant, Loladze (2002) summarized several studies of 
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herbaceous and woody plants, and found an overall decline in elemental concentrations 

of macro and micronutrients in plants exposed to elevated CO2.  However, there was 

variation among studies, among elements (e.g. there was no overall change in Fe or Mn 

in foliage), and plant parts (concentrations in grains decreased more than green leaves).  

Loladze suggests this overall decline in nutrient concentrations may be attributed to 

reduced mass flow of soil waters due to reduced transpiration, and increased 

carbohydrate accumulation in a higher CO2 environment (‘dilution’ effect).  He 

concludes that this stoichiometric imbalance (i.e., increase in C: nutrient ratio) may 

exacerbate human micronutrient malnutrition, as plants produce more biomass, but 

become less nutritious.   

While plant stoichiometry is unequivocally less constrained than that of organisms 

at higher trophic levels (Sterner and Elser 2002), plant nutrient uptake is not a completely 

passive process.  For example, increased production of fine roots with CO2 enrichment 

(Norby et al. 2004; Pritchard et al. 2008) may allow plants to match increased C 

assimilation with increased uptake of soil-derived elements.  Observed decreases in N 

concentrations with CO2 enrichment may be attributed not only to dilution effects, but 

also to biochemical adjustments in a high CO2 environment.  Therefore, the extent that a 

specific element concentration decreases with CO2 enrichment may also be a function of 

plant nutrient requirement and uptake capacity.  

In this study we focus on CO2 effects on trace metal concentrations.  Trace metals 

are important both as micronutrients and as environmental contaminants.  As a group, 

metals are characterized by low ionization energies, variable oxidation states, and the 

ability to form complex ions—properties that make metals well-suited to their 

predominant functional role in plants as enzyme cofactors (Marschner 1995).  Metal 

solubility in soils (and availability to organisms) is strongly influenced by soil pH and 

soil organic matter (SOM).  The sorption capacity of most metals increases with 

increasing pH (Marschner 1995), and organic matter provides a large surface area and 

negative charge—both of which support the binding of metals (McBride et al. 2004).  

Observed and predicted changes in pH and SOM with CO2 enrichment (Andrews and 

Schlesinger 2001; Jastrow et al. 2005; Oh and Richter 2004) may therefore affect soil 
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metal availability and plant uptake and assimilation.  Plant stoichiometry (and metal 

stoichiometry, in particular) may therefore also be mediated by CO2-changes in soil 

properties. 

Six of the eight known plant micronutrients are metals [copper (Cu), iron (Fe), 

manganese (Mn), molybdenum (Mo), nickel (Ni) and zinc (Zn)], and they are involved in 

a wide scope of physiological processes, including photosynthesis, respiration, and N 

assimilation.  As is the case with foliar N, plant response to CO2 enrichment may change 

the requirement for, and stoichiometry of, trace metals that are functionally important for 

plant metabolism.  For example, as photosynthetic activity shifts from being CO2-limited 

under ambient CO2 to electron transport limited under elevated CO2 (Farquhar and von 

Caemmerer 1982), plant nutrient requirements may change with these changing 

biochemical activities.  Plant requirements for trace metals involved in electron transport, 

such as Fe, Cu and Mn, may increase under elevated CO2 to allow for continued 

photosynthetic stimulation.   

We also examine nonessential trace metals [aluminum (Al), cobalt (Co), lead (Pb), 

mercury (Hg) and vanadium (V)]—that is, metals taken up by plants at low levels, but 

not required for plant metabolism.  Many of these elements are important contaminants 

whose movement through the biosphere is modulated by plant activities.  By analyzing 

leaves for both essential and nonessential metals, we will seek to determine if changes in 

metal concentrations with CO2 enrichment are due purely to non-regulatory processes 

(i.e., reduced uptake or growth dilution), or if there is a detectable level of biological 

regulation of trace metal concentrations in plants exposed to elevated CO2. 

We expect that elevated CO2 will decrease foliar metal concentrations, but essential 

metals as a group will decrease less than nonessential metals because of biological 

regulation. To test this hypothesis, we measured concentrations of metals in plants and 

soils at two free air CO2 enrichment (FACE) sites—a loblolly pine forest in North 

Carolina (Duke) and a sweetgum plantation in Tennessee (ORNL)—and an open-top 

chamber (OTC) experiment in a scrub oak community in Florida (SERC).  By looking 

across sites that vary in climate, species composition, and soil chemistry we hope to 
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identify CO2 effects that are common across systems and those that are unique to a 

particular species or site.  

 

Materials and methods 

Site descriptions   

Duke FACE 

The free-air carbon dioxide enrichment experiment at Duke Forest is located on a 

mixed evergreen-deciduous temperate forest dominated by loblolly pine (Pinus taeda) 

and is located in the Blackwood Division of Duke Forest in Orange County, North 

Carolina (35°58'N, 79°05'W).  The stand of loblolly pine, which was planted in 1983 at a 

spacing of 2.0 m × 2.4 m, is located on low-fertility, acidic Hapludalf soils.  The sub-

canopy and understory are diverse, containing more than 50 species, but dominated by 

sweetgum (Liquidambar styraciflua).  The FACE experiment began in August 1996 and 

consists of three 30 m diameter ambient CO2 rings (~382 µmol mol-1) and three 30 m 

diameter elevated CO2 rings (~582 µmol mol-1) that are arranged in a complete block 

design to account for topographic variation and potential fertility gradients.  The CO2 

treatment is applied via a series of vertical pipes located around the perimeter of each 

ring.  The pipes, which extend from the forest floor to the canopy, are equipped with 

regulated blowers that deliver a controlled amount of CO2-fumigated air to maintain 

ambient or elevated levels of CO2 into the rings (Hendrey et al. 1999). The site, 

experimental design and FACE technology have been well-described (Finzi et al. 2001; 

Hendrey et al. 1999).  A summary of all three sites can be found in Table 1. 

 

ORNL FACE 

The deciduous forest site (ORNL) is a sweetgum (L. styraciflua) plantation located 

in the Oak Ridge National Environmental Research Park in Roane County, Tennessee 

(35°54'N, 84°20'W).  Soils at the site, classified as Aquic Hapludult, have a silty clay 

loam texture, are moderately well drained and slightly acidic.  The stand was planted with 

one-year-old sweetgum seedlings in 1988 at a spacing of 1.2 m × 2.3 m.  There are three 

ambient CO2 (~ 393 µmol mol-1) rings and two enriched CO2 (~ 549 µmol mol-1) rings, 
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which are each 25 m in diameter.  The FACE apparatus (Hendrey et al. 1999) is 

assembled in both elevated CO2 rings, and in two of the three ambient CO2 rings.  CO2 

enrichment began in 1998 and continues during the growing season through the present 

time.  The site and experimental design are described in Norby et al. (2001). 

 

SERC OTC 

The Smithsonian Environmental Research Center (SERC) site is an open-top 

chamber (OTC) CO2 enrichment experiment located in a scrub-oak ecosystem on Merritt 

Island Wildlife Refuge, Cape Canaveral, Florida (28°38'N, 80°42'W).  Soils are sandy, 

well-drained Pomello and Poala sand with low nutrient content and low pH (Schmalzer 

and Hinkle 1992).  The experiment is comprised of 16 octagonal open top chambers 

(3.6m diameter, 3.7m height), half of which are exposed to current ambient CO2 and half 

to elevated CO2 (ambient + 350 ppmv).  CO2 treatment has been in progress since May 

1996.  The plots are arranged in a randomized block design; blocks were established 

based on vegetation composition.  Aboveground biomass is dominated by Quercus 

myrtifolia (76%), Q. geminata, and Q. chapmanii.  Other species present include 

Galactia elliottii, Serenoa repens and Vaccinium myrsinites (Dijkstra et al. 2002).  

Complete description of the open-top chamber system can be found in Stiling et al. 

(1999), and further site description can be found in Hymus et al. (2003).   

 

Field sampling 

Soils  

Soil samples were collected at ORNL from 25-28 July 2005, at Duke from 8-11 

August 2005, and at SERC from 29 to 31 August 2006.  A core sampler was used to 

collect two 2.5 cm diameter by 20 cm deep soil cores per ring at each FACE site; three 

cores were collected per chamber at SERC.  Acid-washed butyrate plastic core liners 

were used in the soil corer in order to maintain an intact core during extraction.  Cores 

were divided into 5 cm depth increments and pooled within ring/chamber.  In all of our 

analyses, ‘ring’ or ‘chamber’ is the unit of replication for CO2 treatment, so pooling of 

cores within a ring has no consequence in testing for CO2 or depth effects.   



 25

 

Leaves 

Canopy leaves were collected at ORNL from 25-28 July 2005, at Duke from 8-11 

August 2005, and at SERC from 25-29 August 2006.  Green leaves were sampled from 

three canopy heights—low (10-12m), mid (12-14m) and upper (14-16m)—from L. 

styraciflua at ORNL and Duke (lower and mid canopies only, pooled for analysis), and 

from P. taeda at Duke (all canopy heights).  The canopy at ORNL was accessed using a 

stationary hydraulic lift located near the center of each ring.  At Duke the canopy was 

accessed by a central walk-up tower and by a mobile hydraulic lift.  Both 0-year (needles 

that originated in 2005) and 1-year (needles that originated in 2004) needles were 

samples from P. taeda.  In each canopy height three replicate samples were collected.  At 

SERC three replicate samples were collected from the ground at approximately two 

meters height.  For all leaves collected, a sample consisted of approximately 5 leaves/20 

needles from an individual tree.   

 

Sample analysis 

After removal of roots, soils were passed through a two mm screen and air-dried.  

Leaves were dried at 60oC in a Fisher Isotemp oven and homogenized using a ball mill 

(using acid-washed polypropylene tubes and glass grinding balls).  Soils for metal 

analysis (Al, Co, Pb, Hg, V, Cu, Fe, Mn, Mo, Ni, Zn) were digested using repeated 

additions of concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2) with heating 

(EPA Method 3050B); leaves were digested using repeated additions of HNO3, followed 

by H2O2 and HCl (EPA Method 200.3). 

Samples were analyzed for metal concentrations using a Thermo-Finnegan 

Element2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS), with apple leaf 

(NIST 1515) and San Joaquin soils (NIST 2709) as digestion standards, and river water 

(NIST 1643d) as an instrumental standard.  Percent soil organic matter (SOM) was 

determined by the method of percent loss on ignition (eight hours combustion at 400oC).  

Soil pH was determined in a 1:1 ratio of soil (g) to water (ml) and 1:1 ratio of soil to 
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0.01M CaCl.  These two pH measures were highly correlated (R2 = 0.94, P<0.01); only 

pH in water was used in our analyses.   

 

Statistical analyses  

Principal components analysis (PCA; JMP, SAS Institute, Cary, NC) was used to 

look at correlations among metals in soils and in leaves and to reduce the number of 

variables for further analysis.  Variables were transformed to reduce the influence of 

outliers and to improve the linear association between variables (Quinn and Keough 

2002).  For all PCAs we used a correlation matrix (variables standardized to zero mean 

and unit variance) because the variables (metal concentrations, pH, SOM) had different 

measurement units, and we were not concerned with differences in variances among 

variables.  To obtain a more simple structure for the components (so that coefficients in 

each component are close to 0 or 1), we applied a varimax (orthogonal) rotation to the 

eigenvectors (Quinn and Keough 2002).   

To test for CO2 effects on soil metals, the reduced soil components were used as 

variables in an analysis of variance (ANOVA, SAS 9.0, SAS Institute, Cary, NC).  At 

each site, soils were analyzed in a nested design with CO2 as the main plot factor, depth 

as a within plot factor and ring or chamber (random) as the experimental unit for CO2.  

Because the components are independent of each other, we used Hochberg’s method 

(Hochberg 1988) for p-value adjustment to control family-wise error rate.   

As we were specifically interested in CO2-mediated pH and SOM effects on soil 

metals, we ran separate ANOVAs for these two variables.  We were interested in 

common trends across sites, so for the pH and SOM ANOVAs we included site in our 

model as a main plot factor (rather than run separate tests at each site, as was done on the 

components).  Ring/chamber was the experimental unit for testing for CO2 and site 

effects.  We could not include block (Duke and SERC) into this model; however, block 

was included in the ANOVAs conducted on soil components at each site.     

Reduced leaf components (PCA) were not used as ANOVA variables because leaf 

metals were less correlated than soils, and variables did not load strongly onto few 

components, as with soils.  Foliar data were analyzed using multivariate analysis of 
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variance (MANOVA); when MANOVA was significant, treatment effects on each metal 

were tested with ANOVA, and ANOVA p-values were adjusted to control family-wise 

error rate.  ORNL foliar data were analyzed using a partly-nested design with CO2 as the 

main plot factor, canopy height as the within plot factor, and ring (random) as the 

experimental unit for CO2.  We analyzed Duke P. taeda and L. styraciflua in separate 

ANOVAs so that we could include age and canopy structure into our P. taeda model.  

Duke L. styraciflua leaf samples were analyzed with CO2 as the main plot factor, nested 

in block (random).  The ANOVA on Duke P. taeda needles had two within plot factors—

needle age and canopy height.  SERC leaf data were analyzed as a nested design with 

chamber (random) as the unit of replication for CO2 treatment—the main plot factor—

and species as a within plot factor.  For the ANOVAs with unequal treatment sample 

sizes, degrees of freedom were estimated using Satterthwaite's approximation 

(Satterthwaite 1946). 

CO2 effects on foliar elemental concentrations were tested with an a priori one-

tailed hypothesis, based on expectations that growth dilution with CO2 enrichment will 

decrease foliar elemental concentrations (H0: [metal]elevated ≥ [metal]ambient). CO2 effects 

on soil variables, and all other factors and interactions were tested with two-tailed tests. 

When CO2 interactions were significant, we conducted one-tailed planned 

comparisons to look at CO2 effects within a species or canopy height.  To compensate for 

the increased chance of making Type II errors, due to the large number of variables in 

this study (and p-value adjustment for family-wise error rate), we conducted a priori 

comparisons based on pre-adjusted p-values.  For example if ‘CO2 × canopy height’ had 

a p-value of 0.05 prior to adjustment, we looked at CO2 effects within each height, even 

if the interaction p-value was not significant after adjustment.  We have noted this in the 

results text and tables. 

Because of the constraints on sample size of the FACE experiments, and resulting 

low statistical power (Filion et al. 2000), effects were considered marginally significant 

for P < 0.10 and significant for P < 0.05 as in other FACE and OTC studies (e.g.,(Carney 

et al. 2007; Ellsworth et al. 2004; Jastrow et al. 2005).  Errors presented in the text and 

tables are one standard error of the mean. 
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To compare overall changes in essential and nonessential metal concentrations in 

leaves, we computed range standardized means for each metal.  Range standardization 

was achieved by dividing each observation by the maximum value for each metal within 

a site.  We then averaged and compared (graphically) range standardized means for all 

essential metals and all nonessential metals in leaves in ambient and elevated CO2 

treatments for each species.  

To look at relationships among variables, a regression model was fit by the method 

of ordinary least squares and Pearson correlation coefficients calculated to estimate the 

correlations between variables.  We used analysis of covariance (ANCOVA) to compare 

CO2 effects on slopes/intercepts of regression lines fit between essential (Fe) and 

nonessential (V) foliar metal concentrations.  If growth dilution is the primary 

mechanism driving CO2 effects on foliar concentrations, we expect no CO2 effect on 

regression slopes/intercepts between essential and nonessential metal pairs.   

 

Results 

Soil 

Duke 

Soil variables (principal components analysis, PCA) at Duke FACE were highly 

correlated; the first four components explained 93% of the variation in the data (Table 2).  

Most variables (Al, V, Fe, Cu and Mo) loaded strongly (≥0.7) onto component 1; Hg and 

log SOM correlated with component 2; Co, Mn and Ni correlated with component 3; and 

pH with component 4.  Pb had moderate correlations (0.4-0.6) with the first three 

components (Table 2).   

Because there were strong correlations among soil variables, we used the derived 

PCA variables in an ANOVA to test for CO2 effects on soil metals, pH, and SOM (Supp. 

Table 1).  CO2 effects on soil metals were primarily concentrated in surface (0-5 cm) 

soils (Table 3, Figure 1a).  There was a significant CO2 × depth interaction effect for 

component 1, with a significant CO2 effect (p<0.05) in the surface soil layer (0-5 cm).  

While Al, V, Fe, Cu, Mo had strongest loadings on component 1, all metals with the 

exception of Hg were positively correlated with component 1 (Table 2), and there was a 
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general trend of increased concentrations for all metals in upper soil depths (0-5 cm) at 

Duke FACE (Figure 1a).   

There was also a significant CO2 × depth interaction for component 4 (pH; Supp. 

Table 1), with significant CO2 effects (p<0.05) at all soil levels except the 0-5 cm 

increment (p<0.05).  Average pH in 0-5 cm soils was 5.08 ± 0.17 in ambient and 4.99 ± 

0.17 in elevated rings.  In 5-20 cm soils, average pH was 5.49 ± 0.05 in ambient and 5.27 

± 0.06 in elevated rings. 

There was a significant depth effect for component 2 (F = 22.55, P <0.01), which 

primarily represents soil Hg and SOM (Table 2).  While there was no CO2 effect on 

component 2, there was a significant effect of CO2 on both soil Hg and SOM when tested 

by ANOVA (p < 0.05).   

 

ORNL 

Soil variables at ORNL were also highly correlated, and the first four components 

explained 89% of the variation in the data (Table 4).  Al, V, Fe, Cu (same metal suite as 

at Duke) and Ni loaded strongly (≥0.7) onto component 1, with moderate loadings (0.4-

0.6) from Mo and Zn.  SOM and pH correlated with component 2; Hg and pH with 

component 3; and Co with component 4, with moderate loadings from Pb and Mn (Table 

4).   

There was a general trend of increased soil metals with CO2 enrichment at ORNL, 

but the increase—which was mainly in surface soils (0-5 cm)—was less than that at Duke 

FACE (Table 3, Figure 1a).  There was a significant CO2 effect on component 3, which 

had strong loadings from Hg and pH, and moderate loadings from Pb, Mo, and Zn (Supp. 

Table 2).  Metals associated with component 3 increased with CO2 enrichment, and there 

was a decrease in pH (Table 3, Figure 1a).   

 

SERC 

Soil variables were also highly correlated at SERC.  The first four components 

explained 87% of the variation in the data.  Al, Co, V, Fe, and Mo loaded strongly (≥0.7) 
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onto component 1; SOM, Ph and Hg onto component 2; Co and Zn onto component 3; 

and Mn onto component 4 (Table 5).   

Concentrations of soil metals at SERC were lower than at either FACE site; with 

the exception of Hg, concentrations were one to three orders of magnitude lower at SERC 

than at ORNL and Duke (Table 3).  In contrast to ORNL and Duke, there was a general 

decline in metal concentrations with CO2 enrichment at SERC (Table 3, Figures 1a); 

however, there were no significant CO2 effects on any of the components (Supp. Table 

3).  

 

Patterns across sites 

At all three sites there were significant correlations (P < 0.05) in soils between 

SOM and Hg (Figure 2) and between Al, V, Fe and Mo (Supp. Table 4).  We looked at 

CO2 effects on the slope/intercept of the relationship between V and Fe because these two 

metals were also correlated in leaves of all species.  There were no statistically significant 

CO2 effects on the slopes or intercepts of V-Fe correlations at Duke, ORNL or SERC, 

and there were no CO2 effects on the ratio of Fe:V in soils (Supp. Table 5).  

CO2 effects on SOM and pH were significant across all sites (SOM: F = 3.69, P = 

0.07; pH: F = 4.12, P = 0.06; Supp. Table 6), and there were no significant CO2 × site 

interactions.  Mean SOM increased with CO2 enrichment and mean pH decreased with 

CO2 enrichment (Table 3, Figure 1a).  

 

Leaves 

Duke P. taeda 

There was a significant effect of elevated CO2 on trace metal concentrations in P. 

taeda leaves at Duke (MANOVA; Wilk’s lambda = 0.47, P < 0.001; Figures 1b and 3, 

Supp. Table 7).  There was a significant difference in overall metal concentrations 

between 0-year and 1-year needles (Wilk’s lambda = 0.14, P < 0.001, Supp. Table 7), as 

well as significant needle age effects on all individual metals (ANOVA, p<0.1), with the 

exceptions of Al and Mo (Supp. Table 8).   
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There was a significant age × CO2 (Wilk’s lambda = 0.55, P = 0.002) and age × 

canopy height (Wilk’s lambda = 0.37, P < 0.001) MANOVA interaction.  Canopy height 

(Wilk’s lambda = 0.69, P = 0.67) and canopy height × CO2 (Wilk’s lambda = 0.57, P = 

0.19) were not significant, but there was a significant canopy height × age × CO2 

interaction effect (Wilk’s lambda = 0.36, P < 0.001).  There was a significant decline 

(p<0.1) in foliar metal concentrations with CO2 enrichment in a particular needle age-

class/canopy height (i.e., CO2 ×canopy ht × age interaction) for the following metals: Co, 

V, Cu, Fe, Mn, Ni, Zn (Figure 6, Supp. Table 9). 

P. taeda foliar metals were less tightly correlated than metal concentrations in Duke 

soils (Supp. Table 10); the first four components explained 78% of the variation in Duke 

P. taeda leaf metal data.  V, Fe, Zn and Mn loaded strongly (≥0.7) onto component 1, 

with moderate loadings from Al, Co and Mo; Ni and Cu loaded onto component 2; Pb 

onto component 3, and Mo onto component 4.   

As in soils, there was a significant correlation between foliar Fe and V across (R2 = 

0.78, P < 0.001) and within CO2 treatments (ambient: R2 = 0.80, P <0.001; elevated: R2 = 

0.81, P < 0.001) for 0 and 1-yr needles combined.  There was a significant CO2 effect on 

the intercept of the relationship between leaf Fe and V for both needles ages combined 

and for 1-yr needles (Supp. Table 11).  We did not test for intercept effects on 0-yr 

needles because regression slopes were heterogeneous between CO2 treatments.  Because 

V has no known biological role in terrestrial plants, we expected foliar V concentrations 

to decrease more than Fe concentrations in the elevated CO2 plots, resulting in an 

increase in Fe:V.  As expected, there was an increase in the Fe:V ratio across needle ages 

(ambient 1.07 ± 0.12, elevated 1.18 ± 0.04 µg Fe/ng V; Supp. Table 11). 

 

Duke L. styraciflua 

There was a significant effect of elevated CO2 on trace metal concentrations in L. 

styraciflua leaves at Duke (MANOVA; Wilk’s lambda = 0.05, P < 0.001).  While no 

individual metal had significantly lower leaf concentrations under elevated CO2
 

(ANOVA p>0.10; Supp. Table 12), there was a general trend of decreased foliar metal 
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concentrations with CO2 enrichment for most nonessential metals and some essential 

metals (Figures 1b and 4, Supp. Table 7). 

The first four principal components explained 82% of the variation in L. styraciflua 

leaf metal concentrations.  Co, Mo, Zn loaded strongly (≥0.7) onto component 1; Ni onto 

component 2; Hg and Mn onto 3; and V and Fe onto component 4 (Supp. Table 13).   

There was a significant correlation between foliar Fe (log) and V (log) across (R2 = 

0.27, P = 0.01) and within CO2 treatments (ambient: R2 = 0.88, P <0.01; elevated: R2 = 

0.43, P = 0.01).  We did not test for intercept differences between the ambient and 

elevated CO2 treatments because slopes were heterogeneous between treatments (Supp. 

Table 11).  Mean foliar Fe: V was lower in the elevated than in ambient CO2 plots 

(ambient 0.67 ± 0.05, elevated 0.49 ± 0.09 µg Fe/ng V).  

 

ORNL L. styraciflua 

There was a significant effect of elevated CO2 on trace metal concentrations in 

leaves at ORNL (MANOVA; Wilk’s lambda = 0.23, P<0.01; Figures 1b and 4, Supp. 

Table 7) but no individual metal had significantly lower leaf concentrations across all 

canopy heights in elevated CO2
 (ANOVA p>0.10; Supp. Table 14).  However, there was 

a significant difference in metal concentrations among canopy heights (Wilk’s lambda = 

0.23, P <0.01), and significant CO2 × canopy height interactions (Wilk’s lambda = 0.36, 

P = 0.09).   

There were significant CO2 × height interaction effects for several metals 

(ANOVA, Supp. Table 14).  Because of the large number of elements analyzed, many of 

these effects were not significant (p>0.1) after adjusting p-values to control family-wise 

error rate.  To balance the risk of Type II errors, we ran subsequent ANOVAs on all CO2 

× height interactions whose p-values were significant prior to adjustment, to look at CO2 

effects within canopy heights.  

Al, Co, Pb, V, Fe and Ni all had significantly lower upper canopy foliar 

concentrations with CO2 enrichment (p<0.05; Figure 7, Supp. Table 15).  While Mo had 

a significant CO2 × height interaction effect, Mo concentrations tended to increase with 

CO2 enrichment. 
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Leaf variables at ORNL were less correlated than soil variables.  We extracted four 

components from 11 trace metal variables.  The first four components explained only 

69% of the variation in the data.  No single component had more than two variables with 

strong loadings (≥0.7; Supp. Table 16).   

There was a significant correlation between foliar Fe and V both across (R2 = 0.60, 

P < 0.01) and within CO2 treatments (ambient: R2 = 0.56, P <0.01; elevated: R2 = 0.85, P 

< 0.01).  There was a significant CO2 effect on the intercept of the Fe-V regression 

(Supp. Table 11), and foliar Fe:V decreased at ORNL with CO2 enrichment (ambient 

1.39 ± 0.13, elevated 1.19 ± 0.19 µg Fe/ ng V).  

 

SERC 

There was a significant effect of elevated CO2 on trace metal concentrations in 

leaves at SERC (MANOVA; Wilk’s lambda = 0.24, P<0.001; Figures 1c and 5, Supp. 

Table 7).  There were significant differences across species (Wilk’s lambda = 0.042, P < 

0.001) for most metals, and significant CO2 × species interactions (Wilk’s lambda = 0.26, 

P = 0.10).  There were significant decreases in Al concentrations in Q. geminata and Q. 

myrtifolia, and significant decreases in Ni concentrations in Q. chapmanii (ANOVA, 

Supp. Tables 17 and 18). 

Principal component analyses were conducted separately on each of the three 

species at SERC (Supp. Tables 19-21).  The first four components explained 82% of the 

variation in the data in Q. chapmanii, 80% in Q. geminata, and 74% in Q. myrtifolia.    

There was a significant correlation between foliar Fe and V in leaves of all species 

(Q. chapmanii: R2 = 0.68, P < 0.01; Q. geminata: R2 = 0.74, P < 0.01; Q. myrtifolia: R2 = 

0.40, P < 0.01).  There was no effect of elevated CO2 on the slope or intercept of the Fe-

V regression for any of these species (Supp. Table 11).  

 

Discussion 

Soils 

CO2 effects on soil metals were greatest in surface soils (0-5cm), where there was 

an overall increase in metal concentrations at Duke, a slight increase at ORNL and a 
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decrease in metal concentrations at SERC (Figure 1a).  CO2 effects on SOM also varied 

across sites.  Changes in percent SOM with CO2 enrichment were greatest at Duke (18% 

increase), followed by ORNL (7% increase), with limited effect at SERC (3% increase).  

Soil organic matter is a key factor governing the sorption of trace metals onto soils 

(Linde et al. 2007) and may be mediating CO2 effects on soil metal concentrations.  

Sorption of metals onto organic matter can exceed mineral sorption 6 to 13 times (for Cu, 

Cd, Zn;(Lair et al. 2007); therefore, increased SOM may increase the metal-binding 

capacity of soils.  Soil organic matter is effective at retaining metals in soils because it 

contains a large number of functional groups, and has a high cation exchange capacity 

(Bradl 2004).  While elevated CO2 has been shown to increase soil carbon across a range 

of studies (Jastrow et al. 2005), Carney et al. (2007) found decreased carbon in SERC 

soils with CO2 enrichment.  Changes in soil metal concentrations, therefore, may vary 

across sites that have different soil carbon responses to elevated CO2.    

The link between CO2-mediated changes in SOM and soil metals is demonstrated 

by patterns of soil Hg.  Across sites, SOM was positively correlated with soil Hg 

concentrations (Figure 2).  While soil Hg concentrations were 20% higher at Duke and 

34% higher at ORNL with CO2 enrichment, soil Hg concentrations were 36% lower with 

CO2 enrichment at SERC.  Greater concentrations of soil Hg at ORNL and Duke were 

not driven by increased Hg litter or throughfall inputs (Natali et al., in review); based on 

the correlations between soil Hg and SOM, changes in soil Hg concentrations appear to 

be driven by CO2-mediated changes in percent SOM.   These results are in agreement 

with other studies that have found positive correlations between SOM and soil Hg.  

Across a range of peatland and forest soils in Europe and United States, Grigal (2003) 

found an average change in soil Hg of 0.22 µg per g SOM.  While soil Hg concentrations 

in our study were an order of magnitude lower than those in Grigal (2003), the 

relationship between Hg and SOM was similar (Duke: 0.41 µg Hg g- SOM; ORNL: 0.32 

µg Hg g- SOM; SERC: 0.20 µg Hg g- SOM).   

Another important driver of metal distributions in soils is pH.  Elevated CO2 may 

increase soil acidity through increased inputs of carbonic acid from root and microbial 

respiration (Oh and Richter 2004).  Trace metal mobility in soils is tightly linked to 
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dissolved organic matter (DOM;(Grybos et al. 2007; Linde et al. 2007), which tends to 

increase with increasing pH (You 1999).  Metal losses from soils associated with DOM 

mobility, would, therefore, tend to be lower at lower pH levels.  However, in addition to 

the effects of acidity on organic matter dissolution, increased acidity tends to decrease 

adsorption of metals onto organic matter and metal oxides (Bradl 2004).  Decreasing pH 

alone, therefore, would tend to increase soil metal mobility, but pH will have interactive 

effects with soil organic matter.  While we found decreases in soil pH in the CO2 

enriched plots at all sites (Figure 1a, Supp. Table 6), effects of pH changes on metal 

binding capacity in soils may be more pronounced in soils with low organic carbon 

content, such as those found at SERC.   

Concentrations of most metals in SERC soils were one to three orders of magnitude 

lower than concentrations at Duke and ORNL; the low metal binding capacity of these 

sandy soils may be exacerbated by elevated CO2.  Hungate et al. (2004) suggest that 

decreased soil Mo-availability at SERC may have led to a decline in N2-fixation by the 

leguminous vine Galactia elliottii under elevated CO2.  While we found no significant 

CO2 effects on soil components (PCA) at SERC, potential decreases in essential metal 

concentrations (suggested by a general decline in all SERC soil metals, Figure 1a) at this 

low-fertility site may be an important regulator of ecosystem response to elevated CO2.  

While SOM and pH are two of the most important factors governing metal mobility 

in soils (Bradl 2004; Kalbitz and Wennrich 1998), other factors, such as mineral 

weathering rates and metal binding to Fe and Mn oxyhydroxides, are also important.  

Andrews and Schlesinger (2001) found that elevated CO2 increased rates of mineral 

weathering, which may be an important process determining metal concentrations in soils 

(Starr et al 2002).  It is likely that CO2 effects on soil metals are driven by a combined 

effect of CO2-mediated changes in SOM, pH, and other soil physico-chemical factors at 

each site.  

 

Leaves  

In all tree species in this study, elevated CO2 significantly altered foliar trace metal 

stoichiometry (MANOVA, p<0.05; Figures 1b-c).  CO2-mediated changes in soil metals, 
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however, do not appear to be driving changes in foliar metal concentrations.  Despite 

site-specific patterns of CO2 effects on soil metals, patterns in leaves were more variable, 

and correlations among metals less constrained than in soils.  While there was a general 

increase in soil metal concentrations at Duke and ORNL, foliar concentrations of several 

metals declined with CO2 enrichment at all three sites, consistent with a growth dilution 

and/or reduced transpiration effect (Figures 1b-1c).  It is expected that elevated CO2 may 

lead to a general decline in elemental concentrations in plants if the increase in carbon 

uptake and assimilation with CO2 enrichment (and increase in nonstructural 

carbohydrates) is not matched by increased uptake of soil derived elements (Loladze 

2002).   

Based on principles of growth dilution, we would expect the decrease in elemental 

concentrations with CO2 enrichment to be greatest in the upper canopy compared to the 

lower canopy, because CO2 effects on leaf mass per unit area (LMA) and leaf density are 

often more pronounced in upper canopy leaves.  LMA and density in upper canopy 

leaves of L. styraciflua at ORNL increased in the CO2 enriched plots (Norby and Iversen 

2006), as did foliar content of nonstructural carbohydrates (Sholtis et al. 2004).  In 

agreement with the growth dilution hypothesis, we found significantly lower 

concentrations of Al, Co, Pb, V, Fe, and Ni in upper canopy L. styraciflua leaves at 

ORNL (Figure 7).  At Duke, there were CO2 × canopy height effects for six metals (V, 

Cu, Fe, Mn, Ni, Zn), but patterns were more variable.  Of the nonessential foliar metals at 

Duke, V had significantly lower concentrations with CO2 enrichment in the upper canopy 

(0-yr needles), and Co concentrations in 0-yr needles were lower in all canopy heights. 

Of the essential metals at Duke, only Cu and Ni (1-yr) had decreased concentrations with 

CO2 enrichment in upper canopy leaves (Figure 6).  The expected CO2 × canopy height 

effect at Duke may have been less pronounced because there were no detected CO2 

effects on Duke FACE P. taeda LMA (1-yr needles;(Rogers and Ellsworth 2002; 

Springer et al. 2005). 

We hypothesized that the decrease in foliar metals with CO2 enrichment would be 

greater for nonessential metals than for essential metals.  To test this hypothesis we 

looked at CO2 effects on the correlation between foliar concentrations of a nonessential-
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essential element pair.  We used the correlation between Fe and V, because Fe and V 

were correlated in both soils and leaves at all three sites.  We expected foliar 

concentrations of the essential metal, Fe, to decrease less than the non-essential metal, V, 

with CO2 enrichment.  There were no CO2 effects on Fe-V correlations in soils at any of 

the sites.  There were significant CO2 effects on the intercept of the regression between 

foliar V and Fe for P. taeda at Duke and L. styraciflua at ORNL, but there were no CO2 

effects on any of the Quercus species at SERC.  Consistent with the biological regulation 

hypothesis, there was an increase in P. taeda foliar Fe: V in the CO2 enriched treatments.  

However, this pattern did not hold up across species—foliar Fe: V decreased in L. 

styraciflua at both ORNL and at Duke.  The reasons for these interspecific differences 

are unclear, but they are likely due to interactions between plant Fe requirement, specific 

uptake kinetics, and changes in soil properties and microbial activities with CO2 

enrichment.  Loladze (2002) notes that the magnitude of the potential CO2-mediated 

effects of reduced bulk flow on element stoichiometry will vary by element because of 

differences in specific element diffusion and uptake kinetics.  Our results suggest that 

species-level variation in elemental uptake is also an important factor in CO2-metal 

uptake dynamics.  

There does seem to be some evidence for biological regulation of essential metals 

with CO2 enrichment when all essential and nonessential metals are looked at as a group.  

At ORNL, we found statistically significant decreases in foliar metal concentrations with 

CO2 enrichment for four (Al, Co, Pb, V) of the five nonessential metals (either across 

canopies or in a specific canopy height), but in only two (Fe and Ni) of the six essential 

metals.  At SERC, there were significant CO2 effects (prior to p-value adjustment) in one 

or more of the Quercus species for four (Al, Co, Hg, V) of the five nonessential metals, 

but for only two (Cu and Ni) of the six essential metals.  While at Duke, there were no 

significant decreases in foliar metals with CO2 enrichment in L. styraciflua, and in P. 

taeda CO2 effects were variable.   

Foliar concentrations of nonessential metals as a group decreased with CO2 

enrichment, while essential metals often were not changed or increased in the elevated 

CO2 plots (Figure 8), suggesting that there is some level of biological control of metal 
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stoichiometry.   This pattern was most evident in the CO2 effects on essential versus 

nonessential metals in the leaves of L. styraciflua at both Duke and ORNL (Figure 8).  In 

the studies of CO2 effects on elemental concentrations in plant tissue, reviewed by 

Loladze (2002), decreases in foliar concentrations were consistently greater in grains than 

in foliage, which may also reflect biological requirement in leaves for metals used in 

metabolic processes.  

While many metals did decrease with CO2 enrichment, consistent with the 

‘dilution’ effect, in some cases there was no change and even an increase in foliar metal 

concentrations with CO2 enrichment.  For example, Mn concentrations in leaves tended 

to increase with CO2 enrichment in all species, except P. taeda, at all three sites (Figures 

1b-1c, 3-5).  Mn concentrations in 1-yr P. taeda were, however, higher in the upper 

canopy elevated leaves compared to upper canopy ambient (Figure 6).  This trend of 

increased foliar Mn with CO2 enrichment may be a function of changes in plant 

requirement for Mn and soil chemistry under high CO2.  Mn serves a redox role in a 

number of plant enzymes, most notable in the oxygen evolving complex of photosystem 

II (Yachandra et al. 1996), and so increased photosynthetic activity with CO2 enrichment 

may increase plant demand for Mn.  Increased soil acidity (Oh and Richter 2004) and 

root exudation with CO2 enrichment (Vanveen et al. 1991) would also increase Mn 

availability to plants (Sims 1986).  An increased demand for Mn in plants grown in low 

nutrient soils, such as SERC, may limit plant photosynthetic and growth responses to 

elevated CO2.     

 

Conclusion 

This study examined trace metal stoichiometry in plants because of the massive 

impact that plant processes have on element cycling and the importance of metals as both 

contaminants and micronutrients.  Decreased foliar concentrations of essential metals in 

food crops can exacerbate human micronutrient malnutrition (Loladze 2002) and may be 

a factor contributing to increased rates of herbivory on plants grown in high CO2.  As 

reported by Loladze (2002), we found a general trend of decreased foliar metals with CO2 

enrichment, especially for nonessential plant metals.  However, CO2 effects on foliar 
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metal stoichiometry were species and element-specific.  While not a focus of this study, 

CO2 effects on foliar stoichiometry may also be modulated by plant photosynthetic 

pathway (C3 v. C4) because carbohydrate accumulation with CO2 enrichment often does 

not occur (or there is a smaller effect) in C4 plants (Ainsworth and Long 2005; 

Ghannoum et al. 2000; Ward et al. 1999).  To alleviate potential CO2 effects on human 

micronutrient malnutrition, human agricultural practices may need to increase 

dependence on C4 crop species (e.g., corn and sorghum) and take advantage of species 

and population level variation in stoichiometric response of plants to CO2 enrichment.   

Forest ecosystems play a key role in the transport and storage of metal 

contaminants.  Biogeochemical processes that affect the storage of metals in forest soils 

are important to the transport of metal contaminants to downstream systems (Aastrup 

1995, Scott 2001).  Changes in soil storage capacity and plant uptake of metals with CO2 

enrichment will have important implications for the movement of contaminants through 

natural and managed ecosystems.  By altering plant growth, morphology, physiology and 

biochemistry, increased atmospheric CO2 may affect the biological cycling, storage, and 

stoichiometry of trace metals in terrestrial and freshwater systems.   
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Tables 

 
Table 1. Summary of ORNL, Duke and SERC field sites. 
 ORNL Duke SERC 
Location Roane county, TN Orange county, NC Brevard county, FL 
Lat-longitude 35o54'N,84o20'W 35 o58'N, 79 o05'W 28 o38'N, 80 o42'W 
Mean annual T 14.2o C 15.5o C 21.8 o C 
Annual precipitation 1390mm 1118 mm 1341 mm 
Experiment started 1998 1996 1996 
CO2 treatment A: ~393µmol mol-1 

E: ~544µmol mol-1 
A: ~382µmol mol-1 

E: ~582µmol mol-1 
A: ~380 µmol mol-1 

E: ~730 µmol mol-1 
Plot size 25 m diameter 30 m diameter 3.6 m diameter 
Number plots 3 ambient 

2 elevated 
3 ambient 
3 elevated 

8 ambient 
8 elevated 

Dominant species L. styraciflua P. taeda Quercus sp. 
 
 
 
Table 2. Eigenvalues and loadings (correlations) of Duke 
soil variables onto rotated components.  Variables that 
load strongly (≥0.7) are in bold. 
Component Eigenvalue % variance 

1 7.55 58.07 
2 2.90 22.28 
3 5.14 39.54 
4 2.69 20.67 

 

Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 
Log  SOM -0.112 0.895 -0.031 -0.084 
pH 0.094 -0.643 0.100 0.711 
Al 0.800 -0.030 0.529 0.052 
Log Co 0.593 -0.223 0.707 -0.025 
Pb 0.557 0.454 0.535 0.330 
Hg -0.181 0.957 0.079 -0.043 
V 0.914 -0.169 0.314 0.141 
Cu 0.866 -0.136 0.332 -0.233 
Fe 0.903 -0.173 0.336 0.178 
Mn 0.348 -0.084 0.883 -0.007 
Mo 0.912 -0.029 0.332 0.157 
Ni 0.464 0.181 0.829 0.114 
Zn 0.463 0.425 0.606 0.300 
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Table 4. Eigenvalues and loadings (correlations) of 
ORNL soil variables onto rotated components.  Variables 
that load strongly (≥0.7) are in bold. 
Component Eigenvalue % variance 

1 4.92 37.86 
2 2.49 19.19 
3 2.10 16.12 
4 2.08 16.04 

 

Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 
SOM 0.248 0.842 0.370 0.006 
pH -0.009 0.907 -0.807 -0.090 
Al -0.916 -0.116 -0.038 -0.241 
Co -0.440 0.032 0.149 -0.819 
Pb -0.107 0.113 0.670 -0.686 
Hg 0.176 0.221 0.921 -0.171 
V -0.928 -0.121 0.031 -0.169 
Cu -0.907 0.110 -0.173 0.039 
Fe -0.874 -0.167 0.127 -0.371 
Mn -0.216 0.641 0.124 -0.667 
Mo -0.610 -0.321 0.609 -0.021 
Ni -0.778 0.361 0.117 -0.400 
Zn -0.559 0.433 0.429 -0.274 
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Table 5. Eigenvalues and loadings (correlations) of SERC 
soil variables onto rotated components.  Variables that load 
strongly (≥0.7) are in bold. 
Component Eigenvalue % variance 
1 4.21 32.35 
2 3.14 24.15 
3 2.80 21.53 
4 1.21 9.29 

Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4
Log SOM 0.279 -0.852 0.338 0.147
pH -0.307 0.847 -0.134 -0.148
Log Al 0.859 -0.338 0.106 0.277
Co 0.739 -0.275 0.277 -0.278
Pb 0.559 -0.497 0.537 0.277
Hg 0.266 -0.735 0.400 0.154
V 0.832 -0.355 0.361 -0.050
Cu 0.206 -0.234 0.857 0.188
Log Fe 0.944 -0.185 0.141 -0.120
Mn 0.124 0.287 -0.066 -0.924
Mo 0.730 -0.171 0.478 -0.060
Ni 0.353 -0.563 0.584 0.189
Log Zn 0.260 -0.268 0.819 -0.094
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Figure 1. CO2 effects on soil and leaf metal concentrations at Duke and ORNL 
FACE, and SERC OTC experiments. a. Percent change in metal concentrations, pH 
and SOM in surface soils (0-5 cm) from elevated plots relative to soils from ambient 
plots. b. Percent change in foliar metal concentrations in P. taeda at Duke, and L. 
styraciflua at ONRL and Duke.  P. taeda concentrations are averages for 0-yr and 1-yr 
needles.  All species are averaged across canopy heights. c. Percent change in foliar metal 
concentrations for Q. chapmanii, Q. geminata and Q. myrtifolia at SERC.  
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Figure 2.  Relationship between soil Hg concentrations and percent soil organic 
matter (SOM).  Soil Hg was positively correlated with percent SOM at Duke (triangles) 
and ORNL (circles) FACE sites, and SERC (squares) open-top chamber CO2 experiment.  
Soil Hg concentrations increased with CO2 enrichment at ORNL and Duke, and 
decreased with CO2 enrichment at SERC.  Filled symbols represent elevated rings and 
open, ambient rings. 
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Figure 3. P. taeda foliar metal concentrations at Duke FACE.  There was a significant 
effect of elevated CO2, age, and CO2 × age on P. taeda foliar metals (MANOVA, 
p<0.05).  Symbols represent mean (± s.e.) foliar metal concentrations in 0-year (black 
circles) and 1-year (grey triangles) needles. 
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Figure 4. L. styraciflua foliar metal concentrations at Duke and ORNL FACE.  There 
was a significant effect of elevated CO2 on L. styraciflua foliar metals at both sites 
(MANOVA, p<0.05).  Symbols represent mean (± s.e.) metal concentrations in L. 
styraciflua leaves at Duke (black circles) and ORNL (grey triangles). 
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Figure 5. Foliar metal concentrations in Quercus sp. ORNL.  There was a significant 
effect of elevated CO2 (MANOVA, p<0.05) on foliar metal concentrations in Q. 
chapmanii (black circles), Q. geminata (light grey triangles), and Q. myrtifolia (dark grey 
squares). 
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Figure 6.  CO2 effects on 
foliar metals in 0-yr 
(column a) and 1-yr 
(column b) P. taeda 
needles at Duke FACE.  
Only metals with 
significant CO2 × canopy 
interaction effects are 
shown (low = 10-12 m; 
mid = 12-14 m; upper = 
14-16 m canopy leaves).  
Significant decreases 
(p<0.1) with CO2 
enrichment are marked 
with *.  Filled symbols 
are elevated; open are 
ambient. 
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Figure 7. CO2 effects on foliar metals at ORNL.  Only metals with significant CO2 × 
canopy interaction effects are shown.  Significant decreases (p<0.1) with CO2 enrichment 
are marked with *.  Filled symbols are elevated; open are ambient. 
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Figure 8.   CO2 effects on essential and nonessential metal concentrations in leaves 
at Duke, ORNL and SERC.   Nonessential metals (black squares) are averaged range 
standardized mean concentrations of foliar Al, Co, Pb, Hg, and V.  Essential metals (grey 
triangles) are averaged range standardized mean concentrations of foliar Fe, Cu, Mn, Mo, 
Ni, and Zn.  
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Supplemental Tables 
 
Supp. Table 1. Summary of CO2 and depth effects on soil components (Table 2) 
from Duke FACE.  P-values have been adjusted to control family-wise error rate. 
Significant effects (p<0.1) in bold.    
Effect Comp. 1 Comp. 2 Comp. 3 Comp. 4 
    F    P     F    P    F    P     F    P 

CO2 0.01  0.93 0.60  0.93 0.30  0.93  2.7  0.68 
Depth 2.30  0.25 22.55 <0.01 1.54  0.25 34.5 <0.01 
CO2 × depth 4.15  0.09 1.59  0.48 0.59 0.63 13.74 <0.01 
Block 15.53 <0.01 0.96 <0.01 12.54 <0.01 56.87 <0.01 

 

 

Supp. Table 2. Summary of CO2 and depth effects on soil components (Table 4) 
from ORNL FACE.  P-values have been adjusted to control family-wise error rate.  
Significant effects (p<0.1) in bold.    
Effect Comp. 1 Comp. 2 Comp. 3 Comp. 4 
 F P F P F P F P 

CO2 0.23 0.66 0.43 0.66 24.68 0.06 0.44 0.66 
Depth 0.25 0.86 12.51 <0.01 12.55 <0.01 1.81 0.43 
CO2 × depth 0.80 0.99 0.22 0.99 2.28 0.59 0.04 0.99 
Ring 1.18 0.37 6.10 0.06 2.35 0.28 2.36 0.28 

 
 
 
Supp. Table 3. Summary of CO2 and depth effects on soil components (Table 5) 
from SERC CO2 OTC experiment.  P-values have been adjusted to control family-
wise error rate. Significant effects (p<0.1) in bold.    
Effect Comp. 1 Comp. 2 Comp. 3 Comp. 4 
    F    P     F    P    F    P     F    P 

CO2 0.21 0.79 0.76 0.79 0.45 0.79 0.08 0.79 
Depth 5.12 0.01 28.14 <0.01 5.30 0.01 1.04 0.39 
CO2 × depth 0.02 0.99 0.04 0.99 0.77 0.99 0.58 0.99 
Block 2.90 0.04 1.15 0.36 1.84 0.20 2.18 0.15 
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Supp. Table 4. Correlations (R2 values) between 
soil Al, V, Fe and Mo concentrations at Duke, 
ORNL and SERC.  All correlations were 
significant at p<0.005. 
 Duke ORNL   SERC 
Al-V 0.79 0.96 0.73b 
Al-Fe 0.84 0.80 0.84 
Al-Mo 0.79 0.40a 0.44b 
Fe-V 0.98 0.70 0.84a 

Fe-Mo 0.95 0.33a 0.59c 

Mo-V 0.94 0.50a 0.70a 

a both variables logged; b log Al; c log Fe 
 
 
Supp. Table 5. ANCOVA test of CO2 effects on soil Fe-V regression
slopes and intercepts, and mean Fe (ppm): V (ppb) (± s.e.). 
  Slope Intercept  
  F P F P Fe:V 
Duke A 0.81 0.38 1.60 0.22 0.23 ± 0.01 
 E    0.23 ± 0.01 
ORNL A 0.88 0.36 2.85 0.16 0.60 ± 0.01 
 E    0.62 ± 0.01 
SERC A 0.23 0.63 0.12 0.73 0.26 ± 0.02 
 E     0.26 ± 0.02 
 
 
 
Supp. Table 6. CO2, depth and site (Duke, ORNL, 
SERC) effects on soil pH and SOM. 

 pH SOM 
 F P F P 
CO2 4.12 .06 3.69 0.07 
Site (S) 13.36 <0.01 113.10 <0.01 
Depth (D) 9.18 <0.01 88.11 <0.01 
CO2 × S 0.06 0.94 1.25 0.31 
CO2 × D 0.41 0.74 1.00 0.39 
S  ×D 19.97 <0.01 2.97 0.01 
CO2 × S  ×D 0.06 0.99 0.86 0.53 
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Supp. Table 9. Probability values for Duke P. taeda leaf ANOVA 
interactions (CO2 × Age × Ht).  Co had a significant CO2 × age 
effect, but not a significant three-way interaction, so canopy p-values 
not shown.  Tests of CO2 effects were one-tailed test; therefore, 
significant effects represent decreased foliar metal concentrations in 
elevated CO2 rings. 
 Co V Cu Fe Mn Ni Zn 
0-yr <0.01 0.01 0.97 - - 0.16 - 
Low  0.54 0.64 0.54 0.68 0.39 0.07 
Mid  0.38 0.78 0.40 0.18 0.16 0.16 
Upper  <0.01 0.98 0.37 0.23 0.77 0.18 
1-yr 0.72 0.87 0.14 - - <0.01 - 
Low  0.23 0.72 0.23 0.43 0.09 0.37 
Mid  0.02 0.32 0.02 0.04 0.13 <0.01 
Upper  1.00 0.02 1.00 1.00 <0.01 0.96 

 
 
 
 
Supp. Table 10. Eigenvalues and loadings 
(correlations) of Duke P. taeda variables onto rotated 
components.  Variables that load strongly (≥0.7) are in 
bold. 
Component Eigenvalue % variance   
1 3.42 31.09   
2 2.67 24.18   
3 1.28 11.61   
4 1.25 11.38   

 

Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 
Log Al -0.551 0.545 0.174 -0.357
Log Co -0.538 -0.285 0.390 0.225
Log Pb -0.132 -0.181 -0.846 0.244
Log Hg -0.125 -0.107 0.608 0.309
Log V -0.700 -0.642 0.049 0.175
Log Cu 0.103 0.894 0.044 0.217
Log Fe -0.820 -0.340 -0.009 0.231
Log Mn -0.879 -0.179 -0.005 -0.130
Log Mo -0.146 0.064 0.042 0.850
Log Ni 0.239 0.932 -0.049 -0.083
Log Zn -0.881 0.094 -0.037 0.204
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Supp. Table 11. ANCOVA test of CO2 effects on leaf V-Fe regression slopes 
and intercepts, and mean Fe (ppm): V (ppb) (± s.e.) at Duke, ORNL and SERC. 
If slopes were heterogeneous across CO2 treatments, no intercept test was 
conducted. 
 Slope Intercept Fe:V 
 F P F P    Ambient Elevated 
Duke, P. taeda 2.42 0.12 9.69 <0.01 1.07 ± 0.12 1.18 ± 0.04 
Duke, P. taeda, 0-yr 6.54 0.02 -- -- 1.42 ± 0.33 1.64 ± 0.07 
Duke, P. taeda, 1-yr 2.25 0.14 4.74 0.04 0.74 ± 0.08 0.72 ± 0.03 
Duke, L. styraciflua 6.28 0.02 -- -- 0.67 ± 0.05 0.49 ± 0.09 
ORNL, L. styraciflua 2.03 0.16 16.42 <0.01 1.39 ± 0.13 1.19 ± 0.19 
SERC, Q. chapmanii 0.35 0.57 0.51 0.49 0.77 ± 0.07 0.67 ± 0.04 
SERC, Q. geminata 0.34 0.57 0.21 0.61 0.69 ± 0.04 0.80 ± 0.05 
SERC, Q. myrtifolia 0.04 0.84 0.75 0.40 0.70 ± 0.06 0.85 ± 0.10 
       
 

 
 

Supp. Table 12. F and P values for Duke L. styraciflua leaf ANOVA.  
All p-values have been adjusted to control family-wise error rate; 
effects that were significant (p<0.1) before adjusting p-values are in 
bold. 
 Al Co   Pb Hg V 
 F   P F P F   P      F    P     F   P 
CO2 3.38 0.42 1.06 0.42 0.05 0.65 0.43  0.42 0.06 0.59 
Ring 2.56  0.11 6.13 0.01 5.00 0.02  0.29 0.33 4.23 0.03 

 
 Cu Fe Mn Mo       Ni Zn 

 F P F P     F   P    F   P F P F P 
CO2 0.75 0.42 5.05 0.42 4.95 0.95 0.05 0.65 0.69 0.42 0.08 0.63 
Ring 6.22 <0.01 0.93 0.44 2.60 0.11 6.61 <0.01 23.63 <0.01 26.02 <0.01 
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Supp. Table 13. Eigenvalues and loadings 
(correlations) of Duke L. styraciflua variables onto 
rotated components.  Variables that load strongly 
(≥0.7) are in bold. 
Component Eigenvalue % variance   
1 3.72 33.79   
2 1.93 17.57   
3 1.64 14.92   
4 1.70 15.50   

 

Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 
Al -0.653 -0.480 -0.229 0.122
Co -0.946 -0.086 -0.020 0.149
Pb -0.632 0.563 0.172 0.073
Log Hg 0.068 0.119 -0.888 0.037
Log V 0.049 0.383 0.220 0.838
Log Cu -0.613 -0.499 0.300 -0.334
Fe  -0.479 -0.307 0.032 0.772
Mn -0.103 0.171 0.763 0.351
Log Mo -0.729 0.076 0.166 0.343
Log Ni -0.018 -0.916 0.045 -0.076
Zn -0.917 0.046 0.138 -0.061

 
 

 
 
 
 
 
 
 

 
 Cu Fe Mn Mo Ni Zn 

 F P F P F P F P F P F P 
CO2 1.32 0.46 0.96 0.46 0.23 0.46 0.83 0.46 0.04 0.46 0.51 0.46 
Ht 1.60 0.32 8.77 <0.01 2.59 0.20 0.57 0.68 0.13 0.88 1.55 0.32 
CO2×H 0.33 0.79 4.97 0.11 2.20 0.17 2.64 0.16 4.07 0.11 0.59 0.67 
Ring 5.77 <0.01 3.84 0.02 22.27 <0.01 3.15 0.05 5.58 <0.01 4.36 0.02 

Supp. Table 14. F and P values for ORNL L. styraciflua leaf ANOVA.   All p-
values have been adjusted to control family-wise error rate; effects that were 
significant (p<0.1) before adjusting p-values are in bold. 
 Al Co Pb Hg V 
 F P F P F P F P F P 
CO2 0.79 0.46 0.70 0.46 0.13 0.46 0.45 0.28 0.08 0.46 
Ht 2.89 0.19 4.73 0.07 1.75 0.32 0.51 0.63 4.24 0.07 
CO2×H 2.76 0.16 2.40 0.16 1.98 0.16 0.19 0.82 3.7 0.11 
Ring 5.94 <0.01 10.74 <0.01 1.15 0.37 0.98 0.41 4.93 0.01 



 59   

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
Supp. Table 16. Eigenvalues and loadings (correlations) of 
ORNL L. styraciflua leaf variables onto rotated components.  
Variables that load strongly (≥0.7) are in bold. 
Component Eigenvalue % variance   
1 1.68 15.24   
2 1.62 14.74   
3 2.00 18.16   
4 2.24 20.39   

Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 
Al 0.221 -0.039 0.072 0.790
Co 0.060 0.159 -0.326 0.758
Log Pb -0.026 0.074 0.422 0.426
Log Hg 0.365 0.797 -0.016 0.217
V 0.933 -0.004 0.045 0.060
Cu 0.304 -0.324 -0.210 0.077
Fe 0.826 -0.098 -0.251 0.331
Log Mn 0.242 -0.570 -0.290 0.625
Log Mo -0.113 0.094 -0.742 0.246
Log Ni 0.389 -0.081 -0.746 -0.017
Zn 0.434 -0.745 0.175 0.012

 
 
 
 
 
 
 

Supp. Table 15. Probability values for ORNL L. styraciflua leaf 
ANOVA, CO2 × canopy height interactions.  Tests of CO2 effects 
were one-tailed tests; significant effects represent decreased foliar 
metal concentrations in elevated CO2 rings. 
 Al Co Pb V Fe Mo Ni 
Low <0.01 0.52 0.66 0.78 0.35 0.48 0.82 
Mid 0.74 0.13 0.69 0.97 0.97 0.99 0.97 
Upper 0.04 <0.01 0.04 0.05 <0.01 0.52 0.03 
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Supp. Table 17. F and P values for SERC leaf ANOVA. All p-values 
have been adjusted to control family-wise error rate; effects that were 
significant (p<0.1) before adjusting p-values are in bold. 
 Al Co Pb Hg V 
 F P F P F P F P F P 
CO2 2.42 0.06 2.77 0.15 1.52 0.97 3.06 0.15 2.82 0.15 
Species 2.41 0.11 4.05 0.04 0.28 0.75 4.22 0.03 4.21 0.03 
CO2×S 2.52 0.46 0.52 0.73 1.25 0.55 0.15 0.89 1.69 0.46 
Block 2.18 0.15 1.43 0.33 2.54 0.11 1.20 0.39 1.51 0.31 
 
 Cu Fe Mn Mo Ni Zn 

 F P F P F P F P F P F P 
CO2 1.62 0.22 1.00 0.29 9.45 0.99 0.75 0.73 0.23 0.45 0.19 0.43 
Species 16.85 <0.01 5.65 0.02 4.66 0.03 9.26 <0.01 0.52 0.66 15.44 <0.01 
CO2×S 1.74 0.46 1.02 0.59 0.62 0.73 0.11 0.89 3.93 0.33 1.80 0.46 
Block 1.31 0.36 1.71 0.24 0.86 0.66 5.70 <0.01 2.03 0.17 0.70 0.75 
 
 
 
 
Supp. Table 18. P values for SERC 
leaf ANOVA, CO2 × Species.  Tests of 
CO2 effects were one-tailed tests; 
significant effects represent decreased 
foliar concentrations in elevated CO2. 
 Al Ni 
Q. chapmanii 0.61 <0.01 
Q. geminata <0.01 0.89 
Q. myrtifolia 0.03 0.66 
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Supp. Table 19. Eigenvalues and loadings (correlations) for 
SERC Q. chapmanii leaf variables onto rotated components.  
Variables that load strongly (≥0.7) are in bold. 
Component Eigenvalue % variance   
1 3.33 30.30   
2 2.27 20.60   
3 1.88 17.11   
4 1.54 14.00   

 Comp. 1 Comp. 2 Comp. 3 Comp. 4 
Al 0.926 -0.097 0.130 0.147
Co -0.246 0.881 0.153 -0.216
Pb 0.194 0.917 -0.035 -0.008
Hg 0.827 0.005 0.363 0.083
V 0.846 -0.073 -0.325 -0.258
Log Cu -0.575 0.380 0.514 -0.432
Fe 0.755 0.015 -0.149 -0.509
Mn 0.110 0.255 -0.819 0.279
Mo 0.089 0.078 0.680 0.091
Log Ni 0.072 0.177 0.082 -0.928
Zn -0.229 0.622 -0.421 -0.081
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Supp Table 20. Eigenvalues and loadings (correlations) 
for SERC Q. geminata leaf variables onto rotated 
components.  Variables that load strongly (≥0.7) are in 
bold. 
Component Eigenvalue % variance   
1 3.70 33.66   
2 1.68 15.31   
3 2.26 20.54   
4 1.20 10.91   

 Comp. 1 Comp. 2 Comp. 3 Comp. 4 
Al -0.899 -0.144 0.240 0.122
Co -0.200 -0.138 -0.008 0.885
Pb -0.304 -0.027 0.759 0.091
Hg -0.811 -0.281 0.144 0.261
V -0.898 0.014 0.195 0.131
Log Cu -0.178 0.292 0.793 0.062
Fe -0.785 0.201 0.464 0.084
Mn 0.087 0.812 -0.118 -0.158
Mo -0.171 -0.113 0.741 -0.465
Log Ni -0.110 0.807 0.392 0.035
Zn -0.776 0.341 0.081 -0.233
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Supp Table 21. Eigenvalues and loadings (correlations) 
for Q. myrtifolia leaf variables onto rotated components.  
Variables that load strongly (≥0.7) are in bold. 
Component Eigenvalue % variance   
1 2.91 26.43   
2 2.15 19.50   
3 1.82 16.58   
4 1.30 11.85   

 Comp. 1 Comp. 2 Comp. 3 Comp. 4 
Al -0.473 0.178 -0.426 0.384
Co 0.048 0.823 -0.108 -0.074
Pb -0.853 0.061 -0.069 0.309
Hg -0.328 -0.251 -0.748 -0.234
V 0.181 0.592 -0.598 0.028
Log Cu -0.588 0.635 0.191 -0.129
Fe 0.072 0.329 -0.755 0.013
Mn -0.152 0.024 0.129 0.911
Mo -0.847 -0.016 -0.234 0.202
Log Ni -0.844 -0.073 0.108 -0.107
Zn -0.095 0.708 -0.138 0.318
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Chapter 3: Increased mercury in forest soils under elevated carbon dioxide  

 

 

 

Introduction 

Mercury (Hg) is a persistent contaminant in terrestrial and freshwater systems, 

where it may enter into foodwebs, affecting wildlife and human health (U.S. EPA 1997a).  

Since the onset of the industrial revolution, anthropogenic Hg deposition has increased 

three to five times pre-industrial rates (Lamborg et al. 2002).  Particulate and gaseous Hg 

emitted via coal combustion and other industrial activities (such as waste incineration, 

manufacturing and smelting) can be deposited locally or remain in the atmosphere for a 

year or more (U.S. EPA 1997b), making Hg important as a local, regional and global 

contaminant.  Vegetation plays a critical role in the transfer of atmospheric Hg to the 

biosphere—Hg from the atmosphere is deposited onto leaf surfaces or taken up by 

stomata and subsequently transferred to soils in litterfall and throughfall (Rea et al. 1996; 

St Louis et al. 2001; Figure 1).  Deposition of Hg under forest canopies can be three to 

four times greater than deposition to bare soils (Grigal 2003; St Louis et al. 2001) and 

almost all the Hg in forest canopies is derived from the atmosphere (Ericksen et al. 2003).  

Because of the critical role of vegetation in the transfer of Hg from air to surface, 

processes that affect plant structure and function can significantly alter Hg inputs to soils.  

Soil-bound Hg can become a large source of Hg to aquatic systems, where Hg is an 

important ecosystem contaminant. 

One important factor that is affecting terrestrial ecosystem structure and function is 

the rise in atmospheric carbon dioxide (CO2) concentrations.  CO2 concentrations are 

increasing at an unprecedented rate, primarily due to anthropogenic combustion of fossil 

fuels (IPCC 2007).  Because of the strong biological component that governs Hg cycling, 

CO2-induced changes in plant and soil properties may affect both the fluxes and storage 

of Hg in terrestrial systems.  Although some of the effects of elevated CO2 on plants and 

soils have been well-studied, the impacts on Hg cycling are less known.  For example, 
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while it is known that CO2 enrichment may affect soil acidity and organic matter 

(Andrews and Schlesinger 2001; Jastrow et al. 2005; Oh and Richter 2004) and that these 

soil properties can affect Hg adsorption (Schuster 1991; Yin et al. 1996), it is still unclear 

how increasing atmospheric CO2 may affect Hg in soils.  Elevated CO2 may also affect 

Hg inputs to soils through changes in leaf litter biomass—an increase in litterfall biomass 

with CO2 enrichment (Finzi et al. 2001; Norby et al. 2001) may increase Hg uptake and 

deposition to the forest floor.  CO2-mediated changes in leaf area and leaf tissue 

chemistry (Lichter et al. 2000) may also affect Hg deposition in litterfall, throughfall and 

stemflow (Figure 1).   

Understanding the factors that may alter the cycling of Hg through soils is critical 

because soil Hg represents a major portion of the total Hg pool; surface soils store an 

estimated 95% of the 200,000 tons of Hg mobilized since the 1890’s (EPMAP 2004).  As 

such, terrestrial systems, and forests in particular, have been recognized as major 

components in the cycling of Hg between the atmosphere and biosphere (Lindberg et al. 

1998).  Interestingly, Hg concentrations in most forest soils tend to be low; it is the large 

volume of forest soils globally that leads to this large amount of storage (Fitzgerald and 

Lamborg 2003).  As Hg leaves soils though leaching it can enter vadose and ground 

water flow paths and move into aquatic systems, where it becomes an important 

contaminant through methylation and biomagnification processes (Schroeder and Munthe 

1998).  A challenge facing the scientific community is to understand how rising global 

CO2 concentrations may affect this large Hg pool.  

To study the potential effects of increased atmospheric CO2 on Hg cycling in forests 

we examined plants and soils from two free-air carbon dioxide enrichment (FACE) 

experiments—a loblolly pine forest in North Carolina (Duke) and a sweetgum plantation 

in Tennessee (ORNL)—which have been exposed to CO2 enrichment (ambient + 200 

ppmv) since 1996 and 1998, respectively.  In 2005 we sampled leaves and litter from the 

dominant canopy tree at Duke FACE, loblolly pine (Pinus taeda), and the dominant 

canopy tree at ORNL FACE, sweetgum (Liquidambar styraciflua).  L. styraciflua was 

also sampled at Duke where is it a common understory tree.  In 2007 we focused 

sampling on Hg deposition at ORNL in litterfall, stemflow and throughfall.  CO2 effects 



 66   

on plants and certain ecosystem processes at these sites have been well-documented (e.g., 

Andrews and Schlesinger 2001; Finzi et al. 2001; Norby and Iversen 2006; Norby et al. 

2001), but the effects of elevated CO2 on Hg have not been examined.   

 

Materials and methods 

Site descriptions 

Duke forest FACE site  

Duke FACE is a mixed evergreen-deciduous temperate forest dominated by loblolly 

pine (Pinus taeda), located in the Blackwood Division of Duke Forest in Orange County, 

North Carolina (35°58'N, 79°05'W).  The stand of loblolly pine, which was planted in 

1983 at a spacing of 2.0 m × 2.4 m, is located on low-fertility, acidic Hapludalf soils.  

The sub-canopy and understory are diverse, containing more than 50 species, but 

dominated by sweetgum (Liquidambar styraciflua).  The FACE experiment began in 

August 1996 and is comprised of three 30 m diameter ambient rings (~382 µmol mol-1) 

and three 30 m diameter elevated rings (~582 µmol mol-1).  An experimental N-

fertilization treatment (NH4
+NO3

- at a rate of 11.2 g N m-2 yr-1) was added to one half of 

each ring in April 2005.  The experimental rings are arranged in a complete block design 

to account for topographic variation and potential fertility gradients.  The CO2 treatment 

is applied via a series of vertical pipes located around the perimeter of each ring.  The 

pipes, which extend from the forest floor to the canopy, are equipped with regulated 

blowers that deliver a controlled amount of CO2-fumigated air to maintain ambient or 

elevated levels of CO2 into the rings (Hendrey et al. 1999).  Descriptions of the site, 

experimental design and FACE technology have been well-documented (Finzi et al. 

2001; Hendrey et al. 1999).  

 

Oak Ridge FACE site  

The deciduous forest site (ORNL) is a sweetgum (L. styraciflua) plantation located 

in the Oak Ridge National Environmental Research Park in Roane County, Tennessee 

(35o54'N, 84o20’W).  The soil at the site, classified as Aquic Hapludult, has a silty clay 

loam texture, is moderately well drained and is slightly acidic.  The stand was planted 
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with one-year-old sweetgum seedlings in 1988 at a spacing of 1.2 m × 2.3 m.  The FACE 

apparatus is assembled in four of the five 25 m diameter experimental rings.  There are 

three ambient (~ 393 µmol mol-1) rings and two enriched (~ 549 µmol mol-1) rings.  CO2 

enrichment began in 1998 and continues during the growing season through the present 

time.  The site description and experimental design are well documented in Norby et al. 

(2001). 

 

Field sampling 

Soils  

Soil samples were collected at ORNL from 25-28 July 2005 and at Duke from 8-11 

August 2005.  A core sampler (AMS with slide hammer) was used to collect two 2.5 cm 

(diameter) by 20 cm soil cores per ring (ORNL) or N-treatment within a ring (Duke) at 

each site (34 cores total).  Acid-washed butyrate plastic core liners were used in the soil 

corer in order to maintain an intact core during extraction.  We used cores from the N-

fertilized sectors of the Duke FACE rings to increase our sub-sampling size.  Cores were 

divided into 5 cm depth increments and pooled within rings (within N treatment of each 

ring at Duke).  In all of our analyses, ‘ring’ is the unit of replication for CO2 treatment, so 

pooling of cores within a ring has no consequence in testing for CO2 or depth effects.   

We obtained pre-treatment soil samples (that is, samples collected prior to initiation 

of FACE in 1996 at Duke and 1998 at ORNL) from archives at each site.  The number of 

pre-treatment soil sub-samples (cores within a ring) varies between sites and among rings 

within a site because these samples were not collected for this experiment, but rather 

were provided for our analysis from the FACE soil archives.  Pre-treatment samples 

consisted of 16-18 pooled randomly sampled cores per ring (0-7.5 and 7.5-15 cm) at 

Duke, and two to six randomly collected cores per ring (0-5 and 0-15 cm) at ORNL.   

Archived soils were stored in a sealed container at room temperature; ambient and 

elevated soil samples from each site were stored under identical conditions. 

 

Leaves 
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Canopy leaves were collected at ORNL from 25-28 July 2005 and at Duke from 8-

11 August 2005.  Green leaves were sampled from three canopy heights—low (10-12m), 

mid (12-14m) and upper (14-16m)—from L. styraciflua at ORNL and Duke (lower and 

mid canopies only, pooled for analysis) and from P. taeda at Duke (all canopy heights).  

The canopy at ORNL was accessed using a stationary hydraulic lift located near the 

center of each ring.  At Duke the canopy as accessed by a central walk-up tower and by a 

mobile hydraulic lift.  Both 0-year (needles that originated in 2005) and 1-year (needles 

that originated in 2004) needles were samples from P. taeda.  In each canopy height three 

replicate samples were collected.  For all leaves collected, a sample consisted of 

approximately 5 leaves/20 needles from an individual tree.   

In October 2005, freshly fallen leaf litter was collected from the forest floor at 

ORNL (15-20 leaves per ring).  Senescent leaves at Duke were collected from three to 

five trees per species per ring via the central walk-up tower (P. taeda) or by gently 

shaking trees (L. styraciflua) and collecting leaves as they fell to the forest floor.    

In 2007, leaves were collected from ORNL throughout the growing season on the 

following dates:  9 June, 5 July, 5 August, 3 September, and 11 November (senescent 

leaves).  Because the lifts in several of the rings were not in operation during the 

collection periods, green leaves were collected from 3-5 trees at a height of 

approximately 8-10 m using a pole pruner and senescent leaves were collected by 

shaking 3-5 trees in each plot.  By both methods leaves were collected as they fell, but 

prior to reaching the forest floor.  All leaves were collected using particle-free gloves into 

double-bagged polyethylene bags. 

  Leaf litter biomass was determined from litter basket collections (Finzi et al. 2001; 

Norby et al. 2001).  At Duke, litterfall was collected into twelve 0.16 m2 baskets per plot.  

Litterfall was collected once per month between January and August and twice per month 

between September and December.  At ORNL, leaf litter was collected into seven 

randomly placed 0.19 m2 baskets per plot, and collected biweekly to monthly.  Further 

details of litter collection methods can be found in Finzi et al. (2001) and Norby et al. 

(2001).  



 69   

Litter Hg deposition was calculated as the product of litter Hg concentration and 

litterfall biomass.  Duke leaf litter was comprised of P. taeda plus a number of broadleaf 

species.  We use litter Hg concentrations from L. styraciflua, the most common broadleaf 

tree at Duke FACE, to represent all broadleaf litter Hg concentrations.  While we expect 

inter-specific variation in litter Hg concentrations, L. styraciflua dominates broadleaf 

biomass, so effects of this variation on total Hg litter deposition will be minimal.  Duke 

leaf litter concentrations presented in the text are a weighted average of these two 

species, based on percent leaf litter biomass of pines and broadleaf trees.   

 

Throughfall 

Six bulk throughfall collectors for Hg analysis were placed in each of the five 

experimental rings at ORNL in 2007.  Collectors were placed in the field on 9 June and 

collections were made on the following dates: 4 July, 22 July, 5 August, 3 September, 

and 14 September.     

Throughfall collectors were modeled after Iverfeldt (1991; Figure 2).  Collectors 

consisted of a 100 mm i.d. clean borosilicate glass funnel (washing protocol described 

below) fitted with an inverted watch glass to filter large debris.  Acid washed C-flex 

tubing was used to secure 0.5 m length acid washed Teflon® tubing (3/16” i.d.) to the 

funnel.  A loop was formed in the Teflon® tubing to allow retention of a small amount of 

sample water, which created an airlock over the sample container.  The tubing was 

attached to a clean 1 L borosilicate bottle (wrapped in foil) via a Teflon® compression 

fitting that was screwed into the bottle cap.  Each bottle cap was also fit with a LDPE 

screw with a small cut made in the threads to allow for pressure release.     

At the start of each collection period, 5 ml of tested high-purity 10% HCl was 

added to each collection bottle as a preservative.  Prior to removing sample-filled 

collection bottles, 10 ml of milli-Q® ultrapure water was pipetted through the collection 

apparatus to wash out remaining sample from the filter and tubing.  The sample bottle 

was removed and fitted with a Teflon® lined polyethylene lid for transport to the lab.  The 

funnel, tubing and sampling lid were rinsed with 50 ml milli-Q® water and a clean 

sampling bottle was fitted to the collector.  We used milli-Q® water for washing/rinsing 
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in the field, instead of dilute acid, in order to protect the integrity of the FACE 

experiment.  Two bulk samplers, of like design, were set up outside of the experimental 

rings in an open area to determine rainfall Hg inputs.  Particle free gloves were worn for 

all sample collection and clean-hands/dirty-hands procedures were used for collection 

and handling of samples.  Throughfall from the Hg collectors was used for Hg analysis 

and to determine total throughfall volume. 

Three dissolved organic carbon (DOC) throughfall collectors were placed in each 

ring, following the same collection schedule as for the Hg collectors.  Collectors 

consisted of a 72 mm i.d. glass funnel placed directly into a 250 ml borosilicate collection 

bottle.  Collectors were housed in PVC piping covered with fiberglass screening.  When 

placed in the field, 2.5 ml of 10% HCl was added to each bottle.  Funnels were rinsed 

with 50 ml milli-Q water between each collection period.  Bottles were removed, capped 

with a Teflon® lined cap and a clean bottle was placed in the field.   

 

Stemflow 

Three stemflow collectors were placed in each of the five experimental rings at 

ORNL FACE on 22 July 2007.  Stemflow, which is the flow of precipitation water that 

runs down tree branches and trunks, was collected from on 5 August, 3 September and 14 

September.  Stemflow collector design was based on Kolka et al. (1999).  Each collector 

consisted of 9.6 mm i.d. Teflon tubing snugly wrapped around each tree and attached 

with plastic wire clips.  Along the length of the tubing a wide slit was cut to create a 

“gutter” for collecting stemflow and the slit tubing flowed into borosilicate collection 

vesicles.  Large particles were filtered using a plug of acid-washed glass fiber.  The 

stemflow collectors were designed to capture an unbiased sample of stemflow but not 

total stemflow.   

 

Hg quality assurance/quality control 

All sample handling and analysis was conducted using rigorously tested cleaning 

and analytical procedures.  All reagents, water and equipment were routinely analyzed.  
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Clean-room quality polyvinyl gloves and clean hands/dirty hands techniques were used 

for handling of all Hg samples and equipment.   

Prior to use, borosilicate glassware (new or used for low Hg samples) was soaked in 

1N HCl for 24 hours, rinsed and heated to 500oC for 6-8 hours.  C-flex tubing and 

polyethylene caps were soaked in 1 N HCl for two weeks, and Teflon tubing and fittings 

were leached in 6N HCl (reagent-grade) at 70-80oC for 48 hours, placed in 1N HCl (high-

grade) for two weeks, rinsed with milli-Q® water and dried in a class 100 unit and double 

bagged.     

 For aqueous samples, one field blank was collected for every ten samples 

(three throughfall and two stemflow blanks per collection period) by passing milli-Q® 

through the sample collector and treating the blank exactly as samples.  Every tenth field 

sample was split into two bottles for duplicate analysis.   

 

Sample analysis 

Soils and leaves  

After removal of roots, soils were passed through a two mm screen and air-dried.  

All soils for Hg analysis were digested using repeated additions of concentrated nitric 

acid (HNO3) and hydrogen peroxide (H2O2) with heating (EPA Method 3050B).  Green 

and senescent leaves from 2005 were digested using repeated additions of HNO3, 

followed by H2O2 and HCl (EPA Method 200.3).  Leaves were dried at 60oC in a Fisher 

Isotemp oven and homogenized using a ball mill (using acid-washed polypropylene tubes 

and glass grinding balls).   

Hg and other metals (Al, Fe, Mn) in 2005 leaf and soil samples were analyzed using 

a Thermo-Finnegan Element2 Inductively Coupled Plasma Mass Spectrometer (ICP-

MS), with apple leaf (NIST 1515) and San Joaquin soils (NIST 2709) as digestion 

standards, and river water (NIST 1643d) as an instrumental standard.  Digestion 

recoveries for Hg in NIST 1515 were 98% (coefficient of variation, CV = 3.2%) and in 

NIST 2709 were 90% (CV = 5.5%).  Instrument detection limits for Hg were 5 ng L-1; 

method detection limits for Hg were 0.06 µg L-1 (soils) and 0.02 µg L-1 (leaves).  All 

samples were run in duplicate and averaged.  
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Green and senescent leaves from 2007 were analyzed using a MilestoneTM Direct 

Mercury Analyzer 80 (Milestone Inc., Monroe CT; EPA Method 7473), which 

determines total Hg by thermal decomposition, amalgamation, and atomic absorption 

spectrometry.  NIST 1515 and 2709 were used to confirm instrument calibration.  Mean 

% recovery on NIST 1515 was 100 % (CV = 1.4%) and the method detection limit was 

2.4 µg kg-1.  All samples were run in duplicate and averaged, and every tenth sample was 

run in triplicate.  Standards were analyzed after every tenth sample to check for 

instrument drift.  

Percent soil organic matter (SOM) was determined by the method of percent loss on 

ignition (eight hours combustion at 400oC).  Soil pH was determined in a 1:1 ratio of soil 

(g) to water (ml) and 1:1 ratio of soil to 0.01M CaCl.  These two pH measures were 

highly correlated (R2 = 0.94, P<0.01); only pH in water was used in our analyses.   

 

Throughfall and stemflow 

Within 24 hours of collection, aqueous samples were preserved in 1% BrCl and 

stored at 4oC.  Throughfall, rainwater and stemflow samples for total Hg analysis were 

shipped to Studio Geochimica (Seattle, WA) and analyzed by cold vapour atomic 

fluorescence spectrometry (CVAFS) using modified EPA Method 1631.  NIST 1641d 

was used as a standard reference material with an average percent recovery of 99% (COV 

= 7.5%).  Every tenth sample was run in duplicate for quality control.  Average method 

detection limit was 0.06 ng L-1. 

 Throughfall samples for DOC determination were filtered through a 0.45 µm 

filter and stored at 4oC in 2% HCl until analysis.  Samples were analyzed at the 

University of Georgia Stable Isotope/Soil Biology Laboratory using a Shimadzu TOC-

5000A Total Organic Carbon Analyzer. 

 

Estimated mercury inputs  

Mercury inputs to forest soils in the United States (U.S.) were calculated based on 

an estimated U.S. Hg deposition rate of 87 Mg yr-1 (U.S. EPA 1997b).  The total land 

area of the U.S. is nearly 2.3 billion acres and total forested land is 749 million acres, or 
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approximately 30% of total U.S. land area (Lubowski et al. 2006).  The flux of Hg to 

forested areas is estimated to be four times non-forested areas (Grigal 2003).  Using these 

values, we calculated deposition to U.S. forests of 57 Mg yr-1 and inputs to non-forested 

soils of 30 Mg yr-1.   

 

Statistical analyses  

ORNL 2005 and pre-treatment soil data were analyzed with a mixed linear model 

analysis of variance (ANOVA; SAS 9.0) using a partly-nested design with CO2 as the 

main plot factor, soil depth as the within plot factor, and ring (random) as the 

experimental unit for CO2.  Duke 2005 soil samples were analyzed using a partly nested 

design with CO2 as the main plot factor, and N-treatment and soil depth as within plot 

factors.  The blocked design structure of Duke FACE was removed from our statistical 

model because there was no block effect on soil Hg concentration (P = 0.98).  We 

included samples from the N-addition sector in our soil analysis to increase our sub-

sample size (and estimation of the mean).  There was no effect of N-fertilization on Hg 

concentrations in soils (P = 0.330) nor was there a CO2 × N interaction effect (P = 

0.555), and removal of the N-fertilized soils from our analysis did not change our 

statistical results.  We, therefore, limit our results and discussion to CO2 effects on soil 

Hg.   

Multiple regression analysis was used and Pearson correlation coefficients 

calculated to estimate the relationship between soil Hg and SOM, pH, Al, Mn, and Fe.  

Based on this analysis, we used the two main drivers of soil Hg concentration—SOM and 

pH—as covariates in an analysis of covariance (ANCOVA). 

ORNL 2005 leaf data were analyzed using a partly-nested design with CO2 as the 

main plot factor, canopy height as the within plot factor, and ring (random) as the 

experimental unit for CO2.  We analyzed Duke P. taeda and L. styraciflua in separate 

ANOVAs so that we could include age and canopy structure into our P. taeda model.  

Duke L. styraciflua leaf samples were analyzed using a partly nested design with CO2 as 

the main plot factor nested in block (random).  The ANOVA on Duke P. taeda needles 

had two additional within plot factors—needle age and canopy height.  Litterfall Hg 
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deposition (both sites) was analyzed using a single factor ANOVA, with ring or block 

(random) as the unit of replication for CO2.   

2007 ORNL samples were analyzed using a repeated measures ANOVA to test for 

CO2 effects on Hg concentrations in leaves, throughfall volume, DOC and Hg 

concentrations in throughfall, throughfall Hg and DOC deposition and stemflow Hg 

concentrations.  Mauchley’s W test statistic was used to test for sphericity, and when 

conditions of sphericity were not met, degrees of freedom of the F statistic were adjusted 

using the ε estimator (Huynh and Feldt 1976).  A single factor ANOVA was used to test 

for CO2 effects on the summed litterfall and throughfall deposition for the 2007 sampling 

period.  A regression model was fit by method of ordinary least squares and Pearson 

correlation coefficients calculated to estimate the correlation between rainfall and 

throughfall volumes, and Hg and DOC throughfall deposition.  

For the ANOVAs and ANCOVA with unequal treatment sample sizes, degrees of 

freedom were estimated using Satterthwaite's approximation (Satterthwaite 1946).  

Because of the constraints on sample size of the FACE  experiments and resulting low 

statistical power (Filion et al. 2000), we used a probability level of 0.1 for the ANOVAs 

and ANCOVA, as in other FACE studies (e.g.,(Jastrow et al. 2005).  All data were log-

transformed when necessary to meet the assumptions of the statistical tests.  Errors 

presented in the text and tables are one standard error of the mean. 

 

Results 

Soil Hg  

There were significantly greater soil Hg concentrations in the elevated CO2 rings at 

both Duke and ORNL FACE after nine and seven years of CO2 enrichment, respectively 

(Duke: F = 7.97, P = 0.05; ORNL: F = 9.87, P = 0.05; Figure 3).  Hg concentrations were 

20% greater at Duke and 34% greater at ORNL in the top 20 cm of soils from elevated 

CO2 plots compared to ambient plots (Duke ambient: 16.8 ± 0.9 ng Hg g-1 soil, elevated: 

20.2 ± 0.7 ng Hg g-1 soil; ORNL ambient: 23.1 ± 1.6 ng Hg g-1soil, elevated: 31.0 ± 1.9 

ng Hg g-1 soil).  This CO2 effect occurred across soil depths from surface to 20 cm (CO2 × 

depth, Duke: F = 0.62, P = 0.61; ORNL: F = 1.33, P = 0.32).   
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There were no pre-FACE treatment differences in soil Hg concentrations at either 

site (Duke: F = 0.94, P = 0.39; F = 0.01, ORNL: P = 0.95); therefore, observed 

differences in soil Hg occurred after CO2 treatment was initiated and were not due to pre-

existing soil concentrations.   

One possible cause of the observed changes in soil Hg concentrations may be CO2-

mediated effects on the Hg-trapping efficiency of these soils.  Soil Hg adsorption is 

affected by soil properties, such as percent SOM, that may be altered by elevated CO2.  

At both Duke and ORNL, there was a significant relationship between Hg and percent 

SOM (Duke R2 = 0.81, P < 0.01; ORNL R2 = 0.34, P < 0.01; Figure 4a), and there was a 

significant relationship between Hg and pH at Duke (R2 = 0.33, P < 0.01).  There was not 

a significant soil Hg-pH relationship at ORNL, but soil Hg concentrations and soil pH 

were correlated across both sites (R2 = 0.33, P < 0.01; Figure 4b).  SOM and pH 

explained 76% of the variation in soil Hg across sites and CO2 treatments (multiple 

regression, R2 = 0.76, P<0.01).  Therefore, changes in percent SOM at Duke (ambient: 

4.0 ± 0.4%; elevated: 4.5 ± 0.1%; F = 16.54, P = 0.02) and ORNL (ambient: 3.9 ± 0.5; 

elevated: 4.1 ± 0.4; F = 0.74, P = 0.45), and acidity at Duke (ambient: 5.36 ± 0.04; 

elevated: 5.33 ± 0.1; F = 0.18, P = 0.69) and ORNL (ambient: 4.85 ± 0.18; elevated: 4.72 

± 0.08; F = 0.84, P = 0.43) under elevated CO2, even when not statistically significant in 

and of themselves, may be affecting soil Hg concentrations.   

To test the hypothesis that CO2-mediated effects on soil properties are driving 

changes in soil Hg concentrations, we used percent SOM and pH as covariates in our 

statistical model.  This covariance test removes the variation in soil Hg that is correlated 

with SOM and pH.  When SOM and pH were included as covariates at Duke, there were 

no differences in adjusted Hg concentrations between CO2 treatments (analysis of 

covariance, ANCOVA: F = 1.52, P = 0.29), suggesting that CO2 effects on Duke soil Hg 

are mediated by SOM and pH.  However, SOM alone as a covariate provided similar 

results (F = 1.53, P = 0.28).  While pH does account for some of the variation in soil Hg 

at Duke, it appears that SOM is the main driver of CO2 effects on soil Hg.  At ORNL, we 

used SOM alone as a covariate since there was no detected pH-soil Hg relationship.  The 

effect of elevated CO2 on SOM-adjusted soil Hg was still significant (F = 16.32, P = 
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0.09), suggesting that there are other CO2 effects, independent of SOM, influencing Hg 

cycling at ORNL.   

 

Green leaf Hg concentrations 

L. styraciflua green leaf Hg concentrations in 2005 were lower, but not significantly 

different under elevated CO2 treatment relative to ambient, at both Duke (F = 0.43, P = 

0.55) and ORNL FACE (F = 0.45, P = 0.55; Figure 5a).  P. taeda needle Hg 

concentrations were also lower with CO2 enrichment, but not significantly different (F = 

7.84, P = 0.11).  P. taeda foliar Hg concentrations were significantly lower in 0-yr than in 

1-yr needles (F = 32.14, P <0.01; Figure 5a).  There was no needle age × CO2 interaction 

(F = 0.61, P = 0.44). 

There were no detected effects of canopy height on L. styraciflua leaves at ORNL 

in 2005 (F = 0.51, P = 0.62).  At Duke FACE there was a significant CO2 × canopy 

interaction effect (F = 2.70, P = 0.07) on P. taeda foliar Hg concentrations.  Foliar Hg 

concentrations were lower under elevated CO2 relative to ambient CO2 in the lower and 

mid canopy for 1-yr needles but not in the upper canopy (Figure 6).  There were no 

canopy height effects on 0-yr needles (Figure 6).   

In 2007 we collected L. styraciflua leaves at ORNL throughout the growing season.  

There was a significant increase in foliar Hg with time (F = 180.97, P <0.01) but no 

significant difference between CO2 treatments (F = 1.65, P = 0.29) nor a time × CO2 

interaction (F = 0.26, P <0.90).  Hg concentrations in the elevated CO2 plots were slightly 

lower that in the ambient plots across all measurement periods (Figure 5b).   

 

Litterfall Hg concentrations and deposition 

Concentrations of Hg in 2005 litterfall were lower in the elevated CO2 rings at both 

Duke (F = 9.27, P = 0.09) and ORNL (non-significant; F = 3.37 P = 0.16; Table 1).  

There was an increase in 2005 litterfall biomass under elevated CO2 at both sites (Duke: 

F = 77.85, P = 0.01; ORNL: F = 5.89, P = 0.09; Table 1) but there was no significant 

effect of elevated CO2 on the total litterfall Hg deposition at either site (Duke: F = 1.04, P 

= 0.42; ORNL: F = 2.08, P = 0.25, Table 1).  Litterfall Hg deposition was greater at Duke 
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than at ORNL (Table 1) because leaf litter Hg concentrations in the most common tree at 

Duke, P. taeda, were greater by a factor of eight than concentrations in the predominant 

species at ORNL, L. styraciflua.  This difference in Hg concentrations may be due, in 

part, to differences in leaf life span between these two species; P. taeda needle longevity 

is 18 months while L. styraciflua leaf longevity is less than six months. 

We collected litterfall at ORNL in 2007 and found similar results to 2005.  Litterfall 

biomass was greater under elevated CO2 than ambient (F = 33.74, P = 0.01; Table 1) but 

there was no CO2 effect on litterfall Hg deposition (F = 0.01, P = 0.97) because Hg 

concentrations in senescent leaves were (non-significantly) lower with CO2 enrichment 

(F = 0.37, P = 0.59; Figure 5b, Table 1).  Litterfall Hg concentrations were five times 

greater in 2007 compared to 2005 values.  This may be due to differences in rainfall 

between the two years and differences in sampling methods and collection dates.  In 

October 2005 we collected freshly fallen leaves off the forest floor, while in November 

2007 we collected senescent leaves from the canopy by shaking individual trees.  

 

Throughfall and stemflow 

Throughfall and rainfall amounts at ORNL from June through September 2007 

were significantly correlated (R2 = 0.97, P <0.01; Figure 7a), with an average canopy 

interception of 10% across sampling periods.  Throughfall volume varied across sampling 

dates (F = 0.01, P = 0.97) but was not affected by CO2 treatment (F = 0.01, P = 0.97).  

The total amount of throughfall during the 2007 collection period also did not differ 

between the ambient and elevated treatments (F = 0.01, P = 0.97; Table 1). 

There was a significant effect of sampling date on throughfall Hg concentrations (F 

= 136.41, P < 0.01) but no CO2 effect (F = 0.12, P = 0.75; Figure 8a).  Throughfall Hg 

deposition also varied across sampling periods (F = 88.68, P < 0.01) but was not affected 

by CO2 treatment (F = 0.16, P = 0.71; Figure 8b).  There was no CO2 effect on 

throughfall Hg deposition summed across all collection dates (F = 0.05, P = 0.84; 

Table3).  

There was a significant effect of sampling time (F = 7.59, P< 0.01) and CO2 

treatment on DOC concentrations in throughfall (F = 13.49, P = 0.03; Figure 8c), with 
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lower DOC concentrations in the elevated rings during all but one sampling period.  CO2 

× time was not statistically significant (F = .91, P = 0.49).  DOC throughfall deposition 

varied across sampling periods (F = 10.33, P < 0.01) but was not affected by CO2 

treatment (F = 1.76, P = 0.28; Figure 8d).  Total DOC throughfall inputs summed across 

all sampling periods also did not differ between the ambient (0.86 ± 0.04 g m-2) and 

elevated rings (0.78 ± 0.05 g m-2; F = 1.76, P = 0.28).  Average DOC concentrations in 

throughfall (4.8 ± 0.4 mg L-1) were slightly more than 2.5 times concentrations in 

rainwater (1.8 ± 0.2 mg L-1).  

There was a positive correlation between throughfall Hg deposition and DOC 

deposition (R2 = 0.14, P = 0.06).  The strength of this correlation markedly increased (R2 

= 0.60, P < 0.01) with the removal of the final collection period, when Hg inputs were 

low relative to DOC inputs (Figure 7b). 

Stemflow Hg concentrations differed among sampling periods (F = 5.08, P = 0.07) 

but again there was no CO2 effect (F = 1.12, P = 0.37).  Across all sampling periods and 

both CO2 treatments, Hg concentrations in stemflow (54.27 ± 3.17 ng L-1) were three 

times greater than concentrations in throughfall (18.37 ± 1.18 ng L-1) and 5.5 times 

greater than concentration in rainwater (9.75 ± 0.58 ng L-1).  While we did not measure 

total stemflow amount, based on previous studies (Kolka et al. 1999) we expect stemflow 

inputs to this stand to be about 2-3% of open precipitation, which was 240 mm during the 

2007 sampling period (Riggs et al. 2007).  Estimated stemflow Hg deposition would 

therefore be about 0.25-0.39 µg m-2 sampling season-1 or 10% of throughfall Hg 

deposition. 

  

Discussion 

CO2 effects on soil Hg  

The observed CO2 effect on soil Hg concentrations—which were 20% greater with 

CO2 enrichment at Duke and 34% greater at ORNL (Figure 3)—was likely driven by 

increased soil retention rather than increased litter, throughfall or stemflow Hg deposition.  

Our soil pH and SOM data support the hypothesis that CO2-mediated changes in these 

two factors [note that changes in these factors have been found in other elevated CO2 
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experiments (Andrews and Schlesinger 2001; Jastrow et al. 2005; Oh and Richter 2004)] 

underlie this higher retention.  Our hypothesis regarding the Hg-trapping efficiency of 

soils under high CO2 is consistent with previous studies of the impact of SOM and pH on 

soil Hg adsorption (Schuster 1991; Yin et al. 1996).  For example, maximum Hg 

adsorption in soils has been shown to occur at low pH (range of 3-5) when SOM is 

present (Schuster 1991; Yin et al. 1996); SOM is thus a key determinant of Hg soil-

binding capacity (Schuster 1991; Yin et al. 1996).  In addition, soil pH affects the 

physical fractionation of SOM (dissolved versus adsorbed), which ultimately determines 

the fate of soil Hg (Schuster 1991; Yin et al. 1996).  We found that soil Hg concentrations 

were significantly correlated with SOM at both sites, and with pH at Duke and across 

sites (Figure 4).  The results of our ANCOVA, particularly at Duke, further support the 

hypothesis that CO2-mediated changes in SOM are driving changes in soil Hg 

concentrations.   

While the soils used in this study are from relatively uncontaminated forests, we 

expect increasing atmospheric CO2 to affect soil Hg at a range of concentrations and soil 

types due to the strong relationship between CO2 and SOM and the relationship between 

SOM and Hg (Grigal 2003; Schuster 1991).  Changes on a global-scale that can affect soil 

Hg, even at low Hg-levels, will have a large overall effect on global Hg fluxes and pools.  

For example, in the United States, the estimated amount of Hg stored in the forest floor is 

1350 Mg (Grigal 2003) and the deposition rate to forests is approximately 57 Mg yr-1 

(details of this deposition estimate can be found in the Methods section).  The increase in 

Hg storage under elevated CO2 found in this study (27% over 8 years, or 3.4% yr-1) 

suggests that greater Hg storage in forests under elevated CO2 is on the same order of 

magnitude as the annual Hg deposition of 57 Mg to these forests and thus may have 

strong impacts on the dynamics of Hg in terrestrial ecosystems.   

While these results are congruent with the retention hypothesis, other soil factors 

that may be affected by atmospheric CO2 concentrations could also be at play.  For 

example, in addition to the above-described pH and SOM impacts, Hg retention can vary 

with incident solar radiation, soil temperature, and soil moisture (Carpi and Lindberg 

1998; Gustin and Stamenkovic 2005).  The CO2 enrichment treatment itself is unlikely to 
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be a source of added Hg to soils in the elevated rings because green leaf, litter and 

throughfall Hg concentrations in the elevated rings were all lower or similar to 

concentrations in the ambient-CO2 rings.   

 

CO2 effects on leaf and litter Hg concentrations 

There was a trend of decreased leaf and litter Hg concentrations in the elevated CO2 

rings in both species and sites.  This decrease may have been caused by growth dilution 

effects (that is, increased carbohydrate accumulation/leaf density; Loladze 2002).  If leaf 

density changes are an important driver of foliar Hg concentrations, we would expect to 

see concentration differences in the upper canopy because changes in leaf density with 

CO2 enrichment are generally more pronounced in upper canopy leaves (Norby and 

Iversen 2006).  However, there were no canopy effects on foliar Hg concentrations in L. 

styraciflua at ORNL and none in the upper canopy in P. taeda (Figure 6).   

One potential source of Hg to canopy leaves is volatile emissions from soils.  

Elevated CO2 may alter soil Hg fluxes through a CO2-mediated decrease in forest floor 

light levels or increased adsorption of soil Hg to soil organic matter, both of which have 

been shown to lower volatile Hg fluxes (Carpi and Lindberg 1998; Gabriel and 

Williamson 2004; Gustin and Stamenkovic 2005).  If soil Hg emissions were an 

important source of Hg to leaves in these forests then we would expect Hg concentrations 

in the lower canopy to reflect this source.  Hg concentrations in P. taeda lower canopy 

leaves were higher relative to upper canopy in the ambient but not in the elevated plots, 

suggesting that soil fluxes may be greater under ambient CO2 conditions than elevated 

CO2 at Duke FACE.  At ORNL, however, we found no canopy effect on foliar Hg 

concentrations.   

Decreased stomatal conductance with CO2 enrichment has also been shown to 

affect foliar Hg uptake (Millhollen et al. 2006); however, the detected patterns of foliar 

Hg concentrations in these forests were not congruent with CO2-mediated changes in 

conductance (Ellsworth 1999; Wullschleger et al. 2002).  Beyond CO2 effects, our leaf 

concentration data support several other Hg studies, which report greater foliar Hg 

concentrations in evergreen versus broadleaf deciduous trees (Rasmussen et al. 1991; 
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Figure 5a), increased Hg during the growing season (Rasmussen 1995; Rea et al. 2002; 

Figure 5b), and increased Hg concentrations with needle age ((Fleck et al. 1999; 

Rasmussen 1995; Figure 6).   

 

CO2 effects on Hg deposition 

The forest canopy provides a means of capturing atmospheric Hg and depositing it 

to soils, primarily through litterfall.  While there was an increase in litterfall biomass 

under elevated CO2, there was no change in litterfall Hg deposition because litter Hg 

concentrations decreased with CO2 enrichment (Table 1).  Potential changes in leaf area 

index (LAI, leaf area per unit ground area) with increased CO2 may be a more important 

factor affecting the uptake of Hg by the forest canopy than changes in biomass.  

However, at ORNL, elevated CO2 has had no effect on LAI (Norby et al. 2003; Norby et 

al. 2001) and reported effects at Duke have been small and variable (DeLucia et al. 2002; 

Lichter et al. 2000).  

While litterfall Hg deposition may represent the greatest flux of Hg to forest soils 

(Lichter et al. 2000; St Louis et al. 2001), throughfall Hg deposition also is an important 

source of soil Hg (Iverfeldt 1991; Munthe et al. 1995; Rea et al. 2001; Rea et al. 2002).  

Throughfall, which is the flow of precipitation water through the forest canopy, can be 

affected by canopy architecture, leaf area and rainfall intensity (Lovett et al. 1996; 

Whelan and Anderson 1996).  Lichter et al. (2000) found that elevated CO2 increased 

throughfall volume and caused a significant increase in DOC throughfall deposition, 

attributed to increased soluble carbon in foliage grown in elevated CO2.  Because of the 

strong relationship between Hg and DOC (Kolka et al. 1999), we hypothesized that 

throughfall Hg may also increase with elevated CO2.  As in Kolka et al. (1999) we found 

a significant relationship between throughfall DOC and throughfall Hg (Figure 7b).  

While there was a significant CO2 effect on DOC throughfall concentrations, 

concentrations were lower with CO2 enrichment during most sampling periods (Figure 

8c).  There was no effect of elevated CO2 on throughfall DOC or Hg deposition 

throughout the 2007 sampling period at ORNL FACE (Figures 8b and 8d).  Stemflow Hg 

deposition also was not affected by elevated CO2.   
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Our litter, throughfall and stemflow deposition data allow us to reject the hypothesis 

that higher soil Hg concentrations in elevated CO2 soils were driven by increased 

deposition.  These data support the hypothesis that CO2-mediated changes in soil 

properties are increasing the Hg storage capacity of forest soils.   One challenge of 

conducting research at large-scale multi-user facilities such as the FACE sites is the 

restrictions on sample size.  The fact that a CO2 effect on soil Hg was detected, in spite of 

this limitation, suggests that the observed response is robust, but future studies at other 

FACE would strengthen these conclusions. 

 

Conclusions 

These results highlight the wide-reaching effects of elevated CO2—well beyond the 

traditional focus on carbon, water and nutrient cycles.  An interesting challenge for 

further research lies in the differences observed between the two sites.  While CO2-

mediated changes in percent SOM were linked to changes in soil Hg concentrations at 

Duke and ORNL, there seems to be an additional CO2 effect on soil Hg at ORNL, which 

is not driven by deposition.  As the two sites differ in soil properties, dominant plant 

species and soil Hg concentrations, it is not surprising that there is variation in the CO2 

effect on soil Hg.  This study is a first-step in looking at CO2 effects on Hg cycling in 

terrestrial ecosystems.  A crucial area for future research includes global change effect on 

Hg speciation and methylation processes. 

We expect that other global change factors that affect ecosystem carbon pools (e.g., 

changes in temperature and tropospheric ozone concentration) may also affect terrestrial 

Hg fluxes.  Increasing atmospheric CO2 concentrations have the potential to lead to 

significant changes in the terrestrial component of the Hg cycle and these changes are 

likely to translate to shifts in the global biogeochemistry of Hg.  These results suggest that 

rising atmospheric levels of CO2 may be changing the terrestrial biogeochemistry of Hg 

by altering the Hg storage capacity of soils.  On a broader scale, it is clear that the effects 

of elevated CO2 extend beyond the carbon, water and nutrient cycles of ecosystems.  
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Tables 

 
Table 1  Mean (±SE) annual litterfall (LF) biomass, litterfall Hg concentrations and 
annual litterfall Hg deposition at Duke (2005) and ORNL (2005 and 2007); mean 
throughfall (TF) volume and throughfall Hg deposition at ORNL during the 2007 
sampling period, which ran from 9 June through 14 September 2007.  Ambient and 
elevated refer to CO2 concentrations.   
 LF  

biomass 
(g m-2 yr-1) 

LF Hg 
concentration 
(ng g-1) 

LF Hg     
deposition 
(µg m-2 yr-1) 

TF  
amount 
(mm) 

TF Hg 
deposition 
(µg m-2)  

2005       

Duke Ambient 611.7 ± 48.2 23.9 ± 1.0 14.6 ± 1.4   

Duke Elevated 783.6 ±61.4 20.2 ± 0.7 15.9 ± 1.8   

ORNL Ambient 497.6 ± 16.0 5.0 ± 0.9 2.5 ± 0.5   

ORNL Elevated 554.7 ± 15.5  2.6 ± 0.9 1.4 ± 0.5   

2007       

ORNL Ambient 447.7 ± 4.2 20.1 ±1.5 9.0 ± 0.6 21.6 ± 0.3 3.9 ± 0.1 

ORNL Elevated 479.4 ± 0.6 18.8 ± 1.1 9.0 ± 0.6 21.7 ± 0.3 4.0 ± 0.1 
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Figures 

 
 
Figure 1. Potential effects of elevated CO2 on Hg cycling in forests. CO2 mediated 
changes in canopy structure (a) and function (b) may affect the amount of Hg deposited 
to foliage from the atmosphere.  Fluxes from the canopy to the forest floor may also be 
affected by CO2- mediated changes in litterfall biomass (c) and throughfall 
chemistry/volume (d).  Changes in soil properties (e), such as pH and soil organic matter 
concentrations, can affect Hg storage in soils, and Hg lost via runoff, leaching and 
gaseous emissions.  Potential CO2 effects on forest structure and function are circled, and 
further described in the text.  Figure adapted from St. Louis et al. (2001). 
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Figure 2.  Bulk throughfall collectors used at ORNL FACE in 2007.  Six Hg 
throughfall collectors were set up in each of the five experimental CO2 rings.  Samples 
were collected five times throughout the 2007 growing season.   
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Figure 3. Soil Hg concentrations in the top 20 cm of soils were significantly greater 
(p<0.1) in the elevated CO2 plots at both Duke and ORNL FACE.  Points represent least 
squares means (± SE).  Elevated CO2 plots are represented by filled bars and ambient 
plots by open bars.     
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Figure 4  Hg concentrations in soils (0-20 cm) were correlated with a.) percent SOM at 
Duke and ORNL, and b.) pH at Duke (P<0.1).  Dashed lines and circles represent ORNL; 
solid lines and squares represent Duke.  Open symbols represent ambient CO2 samples 
and closed, elevated.  Points represent five cm depth increments within each ring. 
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Figure 5  a. Least squares mean (± SE) Hg concentrations in 2005 green leaves from L. 
styraciflua at ORNL and Duke, and 0-yr and 1-yr P. taeda needles at Duke averaged 
across canopy heights.  b. Hg concentrations in L. styraciflua green and senescent (last 
sampling date) leaves collected throughout the 2007 growing season at ORNL.  Open 
symbols represent ambient CO2 and closed, elevated. 
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Figure 6  There was a significant CO2 × canopy height interaction effect (P<0.1) on Hg 
concentrations in P. taeda 1-year needles (circles) but not 0-year needles (triangles) 
across low (10-12 m), mid (12-14 m) and upper (14-16 m) canopy heights.  Elevated CO2 
rings are represented by filled symbols and ambient rings by open symbols (least squares 
means ± SE).   
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Figure 7 a. There was a significant relationship between rainfall and throughfall volume 
at ORNL FACE from June through September 2007 (p<0.1).  Symbols represent 
throughfall volume in each experimental ring (elevated CO2, filled symbols; ambient 
CO2, open symbols) and rainfall volumes during each of the five collection periods.  
Rainfall data from Riggs et al. (2007).  b. There was also a significant relationship 
between DOC and Hg throughfall deposition (p<0.1).  Regression line does not include 
final sampling period (3-14 September).  Dates in the legend are collection dates and 
symbols represent total deposition per ring during each collection period.  The first 
collection began on 9 June 2007.  
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Figure 8  There was a significant effect of sampling date (P<0.1) on throughfall a. Hg 
concentrations, b. Hg deposition, c. DOC concentrations and d. DOC deposition.  The 
only significant effect of CO2 treatment was on DOC concentrations (p<0.1).  Sample 
collection began on 9 June and was collected on the following dates in 2007 [rainfall 
totals during each collection period (Riggs et al. 2007) in parentheses]: 4 July (51.0 mm), 
22 July (33.4 mm), 5 August (55.7 mm), 3 September (63.6), 14 September (36.7 mm).    
 

 

 

 

 

 

 



 92   

Chapter 4: Effects of elevated carbon dioxide and nitrogen fertilization on nitrate 

reductase activity in sweetgum and loblolly pine trees in two temperate forests  

 

  

 

Introduction  

The ability of plants to acquire and assimilate nitrogen (N) is an important 

determinant of plant response to elevated CO2 and of ecosystem carbon sequestration 

(Hungate et al. 2003; Luo et al. 2004).  The response of forests to increasing atmospheric 

CO2 is of particular importance because forests comprise over one third of terrestrial 

ecosystems and account for 50-70% of terrestrial net primary production (NPP; Field et 

al. 1998; Melillo et al. 1993).  Forest NPP, especially in northern and temperate regions, 

is commonly limited by the availability of inorganic N (Vitousek and Howarth 1991).   

Plant N status is dependent upon soil N availability, as well as plant uptake and 

assimilation capacity.  Plant species, including trees, vary in their ability to use nitrate 

(NO3
-) or ammonium (NH4

+) as their primary source of inorganic N (Templer and 

Dawson 2004).  Although the energetic costs of NO3
- utilization (~2.4 g glucose g-1 

protein produced) are higher than NH4
+ (~1.8 g glucose g-1 protein;(Zerihun et al. 1998), 

NO3
- is an important source of N for plants, fungi, and many species of bacteria in both 

managed (Haynes and Goh 1978) and natural systems (Stark and Hart 1997).  Even in 

systems with relatively low levels of soil NO3
-, the spatial and temporal heterogeneity of 

inorganic N (Garbin et al. 2006; Jackson and Caldwell 1993), the potential for species-

level partitioning of N chemical forms (McKane et al. 2002; Miller and Bowman 2002; 

Reynolds et al. 1997), and the accessibility of soil NO3
- (due to its high solubility and 

mobility), make NO3
- an important component of plant and ecosystem N dynamics. 

Once taken up by plants, NO3
- can be reduced in roots or in leaves.  Both above and 

belowground assimilation processes may be altered by increasing concentrations of 

atmospheric CO2.  Under high light conditions, NO3
- reduction in leaves can provide a 

sink for excess NADH not used in carbon assimilation (Guo et al. 2007).  However, foliar 

NO3
- reduction may compete for reductant with Calvin cycle reactions when light levels 



 93   

are low (Huppe and Turpin 1994) or when carbon assimilation is increased under 

elevated CO2 (Bloom et al. 1989; Bloom et al. 2002).  Because of this direct competitive 

effect between NO3
- reduction and carbon assimilation, foliar nitrate reductase activity 

(NaR) may decrease with CO2 enrichment, and species that rely on NO3
- may be 

competitively disadvantaged under elevated CO2 unless they can increase NH4
+ 

acquisition (Smart et al. 1998).   

In addition to this direct effect on plant NaR (i.e., competition for reductant), 

elevated CO2 may also affect NaR through impacts on soil properties.  Molybdenum 

(Mo) is a plant micronutrient that serves as a cofactor for nitrate reductase—the enzyme 

that catalyzes the reduction of NO3
- to nitrite (NO2

-).  When soil Mo is low, Mo can limit 

NaR and alter plant N assimilation capacity (Kaiser et al. 2005; Lang and Kaupenjohann 

1999; Randall 1969; Stout and Meagher 1948).  While total Mo in soils is often greater 

than plant demand, deficiency can occur in mildly acidic soils because Mo availability 

markedly decreases at pH of about 5.5 and lower (Marschner 1995; Stiefel 2002).  Soil 

Mo bio-availability may increase with CO2 enrichment because soil organic matter 

(SOM) has been shown to increase under elevated CO2 (Jastrow et al. 2005), and SOM is 

positively correlated with Mo bio-availability (Fontes and Coelho 2005).  Alternatively, 

Mo bio-availability may decrease under elevated CO2 because CO2 enrichment has been 

shown to increase soil acidification (Andrews and Schlesinger 2001; Oh and Richter 

2004), and the availability of soil Mo decreases with decreasing pH (Marschner 1995; 

Stiefel 2002).   

While a large number of recent studies show a decrease in foliar NaR activity with 

CO2 enrichment (Bloom et al. 2002; Constable et al. 2001; Searles and Bloom 2003; 

Smart et al. 1998), CO2 effects on NaR have been variable across species and studies.  

For example, in a greenhouse study of loblolly pine (Pinus taeda) and sweetgum 

(Liquidambar styraciflua) seedlings, Constable et al. (2001) found that CO2 enrichment 

increased root and foliar NaR activity in L. styraciflua, but had no effect on NaR activity 

in leaves or roots of P. taeda.  It is uncertain, however, how elevated CO2 will affect NaR 

in field conditions, where CO2 can potentially have both direct effects on foliar NaR via 
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competition for reductant, as well as indirect effects through CO2-mediated changes in 

soil nutrient dynamics.   

In this study, we looked at CO2 effects on foliar NaR in P. taeda and L. styraciflua 

in long-term field experiments.  We tested the following hypotheses about the effects of 

elevated CO2 and N-fertilization on foliar NaR in forest trees:  

 i.) Elevated CO2 may directly limit NaR via competition for reductant 

between NO3
- assimilation and photosynthesis.  If foliar NaR is limited by 

reductant, we expect lower NaR in low light conditions (lower canopy 

leaves) across CO2 treatments, and a decrease in NaR with CO2 

enrichment, particularly in the upper canopy.  

ii.) Elevated CO2 may indirectly affect NaR through soil-mediated effects.  

We expect that changes in soil properties (e.g. SOM and pH) with CO2 

enrichment will impact Mo bio-availability in soils.  If foliar NaR is 

limited by Mo, then NaR will be positively correlated with bio-available 

soil Mo concentrations.  

iii.) Fertilization with NH4NO3 will decrease NaR activity in L. styraciflua and P. 

taeda because both species have a greater capacity for uptake of NH4
+ than 

NO3
- (Constable et al. 2001), and we expect preferential uptake of NH4

+ when 

both N forms are available.   

We tested these hypotheses in two temperate forest free-air carbon dioxide 

enrichment (FACE) sites—a loblolly pine forest in North Carolina (Duke) and a 

sweetgum plantation in Tennessee (ORNL)—which have been exposed to CO2 

enrichment (ambient + 200 ppmv) since 1996 and 1998, respectively.  An experimental N 

treatment was added to half of each CO2 ring at Duke FACE in 2005; therefore we 

examined N fertilization effects on NaR activity at Duke, but not ORNL.  We examined 

NaR in leaves from the dominant canopy tree at Duke FACE, P. taeda, and the dominant 

canopy tree at ORNL FACE, L. styraciflua.  L. styraciflua was also sampled at Duke 

where it is a common understory tree.  
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Methods 

Site description 

Duke FACE is a mixed evergreen-deciduous temperate forest dominated by loblolly 

pine (P. taeda), located in the Blackwood Division of Duke Forest in Orange County, 

North Carolina (35°58'N, 79°05'W).  The stand of loblolly pine, which was planted in 

1983 at a spacing of 2.0 m × 2.4 m, is located on low-fertility, acidic Hapludalf soils.  

The sub-canopy and understory are diverse, containing more than 50 species, but 

dominated by sweetgum (L. styraciflua).  The FACE experiment began in August 1996 

and is comprised of three ambient rings (~382 ppmv) and three elevated rings (~582 

ppmv).  The 30 m diameter experimental rings are arranged in a complete block design to 

account for topographic variation and potential fertility gradients.  The CO2 treatment is 

applied via a series of vertical pipes located around the perimeter of each ring.  The pipes, 

which extend from the forest floor to the canopy, are equipped with blowers that deliver a 

controlled amount of CO2-fumigated air to maintain ambient or elevated levels of CO2 

into the rings (Hendrey et al. 1999).  An experimental N treatment—which consisted of 

the addition of NH4
+NO3

- (5.6 g N m-2 yr-1)—was added to soil in one half of each ring in 

March and April 2005. 

The deciduous forest site (ORNL) is a sweetgum (L. styraciflua) plantation located 

in the Oak Ridge National Environmental Research Park in Roane County, Tennessee 

(35o54'N, 84o20’W).  The soil, which is classified as Aquic Hapludult, has a silty clay 

loam texture, is moderately well drained and is slightly acidic.  The stand was planted 

with one-year-old sweetgum seedlings in 1988 at a spacing of 1.2 m × 2.3 m.  The FACE 

apparatus (i.e., the CO2 treatment as described above and detailed in Hendrey et al. 1999) 

is assembled in four of the five 25 m diameter experimental rings.  There are three 

ambient (~ 393 ppmv) rings and two enriched (~ 549 ppmv) rings.  CO2 enrichment 

began in 1998 and continues during the growing season through the present time.  The 

site description and experimental design have been thoroughly documented (Norby et al. 

2001). 
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Field sampling  

Soil samples and canopy leaves were collected at ORNL from 25-28 July 2005 and 

at Duke from 8-11 August 2005.  A core sampler was used to collect two 2.5 cm 

(diameter) by 20 cm soil cores per ring (ORNL) or N-treatment within a ring (Duke) at 

each site (34 cores total).  Butyrate plastic core liners, which were washed prior to use in 

0.1 N HCl, were used in the soil corer in order to maintain an intact core during 

extraction.  Cores were divided into 5 cm depth increments and pooled within rings 

(within N treatment of each ring at Duke).  Coarse and fine roots were removed from the 

soil cores and combined for elemental analysis, but because of the instability of the 

nitrate reductase enzyme, were not analyzed for enzyme activity.      

Green leaves were sampled for elemental analysis from three canopy heights—low 

(10-12m), mid (12-14m) and upper (14-16m)—from L. styraciflua at ORNL and Duke 

(lower and mid canopies only at Duke) and from P. taeda at Duke.  The canopy at ORNL 

was accessed using a stationary hydraulic lift located near the center of each ring; at 

Duke the canopy was accessed by a central walk-up tower and by a mobile hydraulic lift.  

Both 0-year (needles that originated in 2005) and 1-year (needles that originated in 2004) 

needles were samples from P. taeda.  In each canopy height three replicate samples were 

collected; each of these replicate sub-samples consisted of approximately 5 leaves/20 

needles from an individual tree.  An additional set of replicate leaf samples for nitrate 

reductase analysis was collected from the lower and upper canopies (L. styraciflua at 

Duke were from lower canopy only).  Petioles were removed from L. styraciflua prior to 

sample analysis.  Nitrate reductase leaf samples were immediately place in liquid N2 

upon collection and stored at -80oC until enzyme analysis was conducted.     

 

Sample processing and chemical analyses 

To remove surface deposits, leaves for elemental analysis were rinsed in milli-Q® 

ultrapure water, washed in 0.2N HCl and rinsed again three times in milli-Q water (Oliva 

and Raitio 2003).  Roots were separated from the soil cores, washed in milli-Q water 

until visible soil deposits were removed and then washed in dilute acid as above.  After 

removal of roots, soils were passed through a 2 mm screen, air-dried and homogenized 
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using a mortar and pestle.  Leaves and roots for elemental analysis were dried for 72 

hours at 60o C in a Fisher-Isotemp Oven and homogenized using a ball mill.  

Soils for metal analysis were digested using repeated additions of concentrated 

nitric acid (HNO3) and hydrogen peroxide (H2O2) with heating (EPA Method 3050B).  

Leaves were digested using repeated additions of HNO3, followed by H2O2 and HCl 

(EPA Method 200.3).  Bio-availability of Mo in soils was determined by extraction of 

soil samples with ammonium oxalate solution at pH 6.0 (Liu et al. 1996).  The 

ammonium oxalate extractable fraction of Mo is widely used as an indicator of Mo 

availability to plants, and is the fraction used to set Mo deficiency thresholds.  This 

extract contains the specifically sorbed, plus free and non-specifically bound, Mo—the 

more readily exchangeable forms of soil Mo (Lang and Kaupenjohann 1999).  We 

assume that this plant-available Mo is available to both plants and microbes and refer to 

the oxalate extractable fraction as bio-available Mo.  We also analyzed total 

concentrations of two other plant micronutrients (Fe and Cu), two nonessential plant 

metals (Al and Pb), and bio-available Cu (Mehlich 1984) in soils to compare leaf NaR-

soil metal relationships.  While we were specifically interested in soil Mo effects on NaR, 

we looked at these other metals to determine if potential patterns detected were due to 

Mo effects per se or to more general changes in soils properties with CO2 and N 

enrichment.   

Mo and other metals (Al, Pb, Fe and Cu) were analyzed using a Thermo-Finnegan 

Element2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS), with apple leaf 

(NIST 1515) and San Joaquin soils (NIST 2709) as digestion standards, and river water 

(NIST 1643d) as an instrumental standard.  Total nitrogen was analyzed in a CHN 

elemental analyzer, using atropine and apple leaf (NIST 1515) as standards.  Soil samples 

for total N were pooled across soil depths.  Percent soil organic matter (SOM) was 

determined by the method of percent loss on ignition (8 hours combustion at 400oC).  

Soil pH was determined in a 1:1 ratio of soil (g) to water (ml) and 1:1 ratio of soil to 

0.01M CaCl.  These two pH measures were highly correlated (R2 = 0.943, P<0.01) so 

only pH in water was used in the analyses.   
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Nitrate reductase assay  

Frozen leaves were finely ground using liquid nitrogen and a chilled mortar and 

pestle.  One gram of ground leaf material (wet weight) was extracted in four milliliters of 

extraction buffer (0.1 M KH2PO4, 1 mM EDTA, pH 7.5, with 1% (w/v) BSA, 2% (w/v) 

casein, 0.1% (w/v) cysteine, 5 mM dithiothreitol, 20 μM FAD, 25  μM leupeptin, 5  μM 

Na2MoO4, 0.5 mM phenylmethylsulfonyl fluoride, 1% (w/v) polyvinylpolypyrrolidone, 

0.1% (v/v) Triton-X-100). The extract was filtered through three layers of cheesecloth, 

and centrifuged at 4oC 10 000 rpm for ten minutes.  To determine nitrate reductase 

activity, 200 μl of the supernatant was added to 500 μl assay buffer (25 mM KH2PO4, 

0.025 EDTA, pH 7.5) and 0.2 mM NADH, and incubated at 30oC for various times up to 

five minutes.  The reaction was stopped by the addition of 50 μl of 1 M ZnAc and the 

solution centrifuged at 10 000 rpm for five minutes.  The nitrite (NO2
-) content of 0.5 ml 

of the supernatant was determined by addition of 0.5 ml 1% (w/v) sulfanilamide in 3 N 

HCl and 0.5 ml 0.02% N-naphthylethylenediamine in d-I water.  After 20 minute 

incubation the absorption of the sample solution at 540 nm was compared to standards of 

known NO2
- concentration.  Each sample was run in triplicate and averaged.  This 

procedure is the optimized assay (optimized by adjusting assay and extract buffer pH and 

reagent concentrations) for both species.  Nitrate reductase activity is reported in units of 

NO2
- produced per hour per gram leaf wet weight.   

 

Statistical analyses  

ORNL foliar data were analyzed using a partly-nested analysis of variance 

(ANOVA; SAS 9.0, SAS Institute, Cary, NC) with CO2 as the main plot factor, canopy 

height as the within plot factor, and ring (random) as the experimental unit for CO2.  By 

‘canopy height’, we refer to the position of the sampled leaf in the forest canopy.  We 

analyzed Duke P. taeda and L. styraciflua in separate ANOVAs so that we could include 

age and canopy structure into our P. taeda model.  Duke L. styraciflua leaf samples were 

analyzed using a partly nested design with CO2 as the main plot factor nested in block 

(random) and N-treatment as a within plot factor.  The ANOVA on Duke P. taeda 

needles had two additional within plot factors—needle age and canopy height.  
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Root Mo and N, and soil N concentrations were analyzed using a mixed linear 

model ANOVA, with ring or block (random) as the unit of replication for CO2 treatment, 

and N-treatment (at Duke) as a within plot factor.  Total and bio-available Mo 

concentrations in soils were analyzed with a mixed linear model ANOVA to test for 

effects of CO2, N (Duke), depth and interaction effects, with ring or block as the unit of 

replication for CO2 effects.   

To look at relationships among measured variables, a regression model was fit by 

method of ordinary least squares and Pearson correlation coefficients calculated to 

estimate the correlation between foliar NaR and soil and leaf variables.  Data were pooled 

across canopy heights and soil depths for leaf-soil comparisons.  Based on these results, 

we used the main driver among soil variables of foliar NaR as a covariate in an analysis 

of covariance (ANCOVA) to test for indirect effects of elevated CO2 (that is, CO2-

mediated changes in soil properties) on NaR.   

All data were transformed when necessary to meet the assumptions of the statistical 

tests.  Post-hoc comparison p-values were adjusted with Tukey’s test to control the 

family-wise error rate.  For the ANOVAs and ANCOVA with unequal treatment sample 

sizes, degrees of freedom were estimated using Satterthwaite's approximation 

(Satterthwaite 1946).  Because of the constraints on sample size of the FACE 

experiments and resulting low statistical power (Filion et al. 2000), effects were 

considered marginally significant for P < 0.10 and significant for P < 0.05 as in other 

FACE studies (e.g., Ellsworth et al. 2004, Jastrow et al. 2005).  Errors presented in the 

text and tables are one standard error of the mean. 

 

Results 

Nitrate reductase activity in leaves  

At Duke FACE there was a significant CO2 × age interaction effect (F = 10.10, P = 

0.03) on P. taeda NaR.  In 1-yr needles, NaR was significantly lower in the elevated plots 

compared to ambient (t = 3.95, P = 0.05; Figure 1a) but there was no CO2 effect in 0-yr-

old needles (t = 0.25, P = 0.99) where NaR was low under both CO2 treatments (Figure 

2a; Tables 1-2).  There was also a significant N × age interaction (F = 8.54, P = 0.02), 
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again driven by N-fertilization effects on NaR in 1-yr needles (t = 5.10, P < 0.01; Figure 

1a), but not in 0-yr needles (t = 1.41, P = 0.53) where NaR was low across both N-

treatments (Figure 2b, Tables 1-2).  NaR was three times greater in 1-yr needles than 0-yr 

needles across treatments at Duke FACE (F = 71.21, P < 0.01; Tables 1-2).   

Canopy height effects on P. taeda NaR were not significant across treatments (F = 

0.24, P = 0.65) and there was no detected CO2 × height interaction (F = 0.49, P = 0.49; 

Figure 3a).  There was, however, a significant N × canopy height interaction (F = 9.22, P 

= 0.02) because N-fertilization significantly decreased NaR in the lower canopy (t = 4.99, 

P = 0.01) but not in the upper canopy (t = 1.27, P = 0.61; Figure 3b).   

There was no effect of CO2 on L. styraciflua NaR at either Duke (F = 0.07, P = 

0.82) or ORNL (F = 0.87, P = 0.37, Figure 1a, Tables 1-2).  There also was no effect of 

N-fertilization (F = 0.54, P = 0.54) or N × CO2 interactions (F = 0.01, P = 0.99) on L. 

styraciflua NaR at Duke.  At ORNL, there was no detected effect of canopy height (F = 

0.01, P = 0.93) or canopy height × CO2 interaction (F = 2.24, P = 0.16).  

 

Mo concentrations in leaves  

P. taeda Mo concentrations in 1-yr needles (Figure 1b) and 0-yr needles in the 

elevated CO2 rings were lower but not significantly different from concentrations in the 

ambient rings (F = 4.50, P = 0.17).  However, when all non-significant interactions terms 

were removed from the ANOVA model, there was a marginally significant decline in 

foliar Mo with CO2 enrichment in P. taeda leaves (F = 8.63, P = 0.10).  Like NaR, Mo 

concentrations were significantly lower in 0-yr needles compared to 1-yr needles (F = 

5.61, P = 0.03; Tables 1-2).   

There was a marginally significant effect of canopy height on P. taeda foliar Mo 

concentrations (F = 3.17, P = 0.06), with higher concentrations in the lower canopy (41.3 

± 4.2 ng g-1) than in the upper canopy (30.4 ± 3.7 ng g-1; t = 2.12, P = 0.01).  Mid-canopy 

concentrations (33.3 ± 3.7 ng g-1) were not significantly different from either the lower or 

upper canopies.   

Foliar Mo concentrations in L. styraciflua at Duke were not significantly different 

between ambient and elevated CO2 treatments (F = 1.85, P = 0.31; Figure 1b, Tables 1-
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2).  There was no detectable effect of N-fertilization on foliar Mo concentrations in either 

species at Duke FACE (Figure 1b, Tables 1-2).   

At ORNL there was not a statistically significant effect of elevated CO2 on foliar 

Mo concentrations (F = 2.06, P = 0.19) in L. styraciflua; however, the trend was similar 

to the response of this species at Duke, with slightly higher concentrations in the elevated 

CO2 rings than in the ambient CO2 rings (Figure 1b, Tables 1-2).  Like NaR, there was no 

detectable effect of canopy height on foliar Mo concentrations (F = 0.32, P = 0.73) at 

ORNL nor was there a significant CO2 × height interaction (F = 1.76, P = 0.23).   

 

N concentrations in leaves 

Foliar N concentrations were significantly higher in 0-yr than 1-yr needles (F = 

59.52, P < 0.01; Tables 1-2).  There was a marginally significant CO2 × age interaction 

effect on P. taeda foliar N concentrations (F = 3.54, P = 0.07).  Foliar N concentrations 

in 0-yr needles were lower in the elevated rings than in the ambient rings (t = 2.45, P = 

0.09), but there was no detected CO2 effect (across N fertilization treatments) on foliar N 

in 1-yr-old needles (t = 0.98, P = 0.76; Figure 1c). There was, however, a marginally 

significant CO2 × N interaction effect on P. taeda foliar N concentrations (F = 3.76, P = 

0.06).  CO2 decreased foliar N concentrations in both needle age classes in the N 

fertilized plots (t = 2.78, P = 0.05) but not in the control plots (t = 0.07, P = 0.99; Table 

1-2).  P. taeda foliar N concentrations increased with N fertilization in the ambient CO2 

rings (t = 3.60, P < 0.01) but not in the elevated CO2 rings (t = 1.04, P = 0.73).   

There was also a significant N × height interaction effect on P. taeda foliar N 

concentrations (F = 3.78, P = 0.04), with the greatest N fertilization effect on foliar N 

concentrations in lower canopy needles (23% increase in foliar N; 10% increase in mid-

canopy needles, 12% increase in upper canopy needles).   

In L. styraciflua at Duke, foliar N concentrations decreased with CO2 enrichment (F 

= 18.22, P = 0.05) and increased with N fertilization (F = 5.64, P = 0.08).  There was no 

CO2 × N interaction effect (F = 0.46, P = 0.53; Figure 1c, Tables 1-2). 

At ORNL, L. styraciflua had lower foliar N (F = 5.30, P = 0.08) concentrations in 

the elevated CO2 rings than in the ambient CO2 rings (Figure 1c, Table 1-2).  There was a 



 102   

marginally significant effect of height (F = 3.89, P = 0.08) on foliar N, with lower 

concentrations in the upper canopy (15.4 ± 1.7 mg g-1) compared to the mid (17.1 ± 1.1 

mg g-1) and lower (17.2 ± 1.6 mg g-1) canopies.  There was no detected CO2 × height 

interaction (F = 3.20, P = 0.11).  N concentrations in ORNL L. styraciflua were slightly 

higher than generally found at this site (Norby and Iversen 2006), which may be due to 

petiole removal from leaves in this study. 

 

Mo concentrations in roots 

There were no significant effects of CO2 (F = 0.22, P = 0.66), N fertilization (F = 

0.92, P = 0.39), or CO2 × N (F = 0.42, P = 0.55) on root Mo concentrations at Duke 

(Figure 4a, Tables 1-2).  Root Mo concentrations at ORNL were lower (F = 6.22, P = 

0.09) in the elevated CO2 rings compared to ambient CO2 rings (Figure 4a, Tables 1-2). 

 

N concentrations in roots 

At Duke, there was no CO2 effect on root N concentrations, but root N was 

significantly greater (F = 9.01, P = 0.04) in the N fertilized plots compared to N control 

plots (Figure 4b, Tables 1-2).  ORNL root N concentrations were greater (F = 7.80, P = 

0.07) in the elevated CO2 rings compared to ambient rings (Figure 4b, Tables 1-2).   

 

Mo concentrations in soils 

At Duke, there were no significant effects of CO2 enrichment (F = 1.21, P = 0.39) 

or N fertilization (F = 0.67, P = 0.46) on total soil Mo concentrations (Figure 5a, Tables 

1-2).  There were marginally significant differences in soil Mo concentrations across 

depths (0- 20 cm), with greater Mo concentrations in surface soils (F = 2.63, P = 0.07).  

At ORNL there were no significant effects of CO2 enrichment (F = 2.40, P = 0.22), soil 

depth (F = 1.34, P = 0.32), or CO2 × depth (F = 0.91, P = 0.47) on total soil Mo 

concentrations (Figure 5a, Tables 1-2). 

There were, however, significant CO2 effects on bio-available Mo at both sites.  At 

Duke, there were greater concentrations of bio-available Mo in the CO2 enriched plots in 

the lower soil depths (15-20 cm; CO2 × depth: F = 2.39, P = 0.09) and there was a 
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significant increase in bio-available Mo with N fertilization (F = 12.97, P = 0.02; Figure 

5b, Tables 1, 2).  Bio-available soil Mo at ORNL was significantly greater in the elevated 

CO2 rings compared to ambient rings (F = 9.27, P = 0.01), with increases in all soil 

depths but the 10-15 cm increment (CO2 × depth: F = 2.90, P = 0.08).  Concentrations of 

bio-available Mo decreased with depth from 0-20 cm in both CO2 treatments at ORNL (F 

= 8.92, P < 0.01).   

At ORNL, bio-available Mo was positively correlated with log-percent soil organic 

matter (SOM; R2 = 0.32, P = 0.01), which, like bio-available Mo, also decreased with soil 

depth.  No other measured soil factors were correlated with bio-available Mo at Duke 

(total Mo: R2 = 0.01, P = 0.56; soil pH: R2 = 0.07, P = 0.07; log-SOM: R2 = 0.04, P = 

0.18) or ORNL (total Mo: R2 = 0.06, P = 0.31; soil pH: R2 = 0.09, P = 0.21).  Bio-

available soil Mo was not correlated with foliar Mo at ORNL (R2 = 0.12, P = 0.30) or 

Duke (L. styraciflua: R2 = 0.30, P = 0.30; P. taeda 1-yr: R2 = 0.04, P = 0.53; P. taeda 0-

yr: R2 = 0.01, P = 0.75). 

 

N concentrations in soils 

At Duke, there were no significant effects of elevated CO2 or N-fertilization on total 

N concentrations in soils (0-20cm).  At ORNL, soil N concentrations (0-20cm) were 

greater (F = 6.96, P = 0.08) in the elevated CO2 rings than in ambient rings (Figure 5c, 

Tables 1, 2). 

 

Effects of leaf and soil variables on foliar NaR 

There were no significant correlations between NaR and foliar concentrations of 

Mo or N for L. styraciflua at either site.  P. taeda log NaR was negatively correlated with 

foliar N concentrations (R2 = 0.33, P < 0.01; Figure 6a) and positively correlated with 

foliar Mo concentrations (R2 = 0.22, P = 0.03; Figure 6b) across both needle ages.  When 

age was included as a factor in the regression model (ANCOVA with age as a class 

variable), there still was a significant relationship between foliar NaR and N (P <0.01).  

The relationship between foliar NaR and Mo, however, was no longer significant (P = 
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0.13), suggesting that differences in foliar NaR and Mo between age classes are driving 

the foliar NaR-Mo relationship. 

To look at effects of soil variables on foliar NaR we focused on P. taeda 1-yr 

needles because NaR in these leaves were the only ones affected by CO2 and N 

treatments.  We averaged NaR across canopy heights and soil variables across depths in 

the following analyses.  There was a significant negative correlation between log NaR 

and bio-available soil Mo (R2 = 0.47, P = 0.02; Figure 7).  The strength of this correlation 

increased markedly if a single outlier (CO2-ambient, N-control sector) was removed from 

the analysis.  When this sample was omitted, bio-available soil Mo now accounted for 

86% (P < 0.01) of the variation in foliar NaR.  While we have no a priori reason to 

believe this NaR value is incorrect, its removal from the analysis does not alter the 

overall trend of the relationship among these two variables.  There is strong potential for 

ring-level heterogeneity in soil N-dynamics (e.g., as referred to in Finzi et al. 2001), 

which could be driving the elevated levels of NaR in this ring.   

None of the other soil metals or other soil variables measured were correlated with 

foliar NaR (Al: R2 < 0.01, P = 0.91; Pb: R2 < 0.01, P = 0.96; Fe: R2 = 0.04, P = 0.55; Cu: 

R2 = 0.03, P = 0.60; bio-available Cu: R2 = 0.19, P = 0.17; total Mo: R2 = 0.08, P = 0.40; 

N: R2 < 0.01, P = 0.92; pH: R2 = 0.05, P = 0.53; SOM: R2 = 0.01, P = 0.76).   

To test the hypothesis that changes in soil properties caused by CO2 and N 

fertilization are indirectly driving changes in foliar NaR, we used bio-available Mo as a 

covariate in an analysis of covariance (ANCOVA).  This covariance test removes the 

variation in foliar NaR that is correlated with bio-available soil Mo.  When bio-available 

Mo was included as a covariate in the statistical analysis, there was no significant 

difference in adjusted foliar NaR concentrations due to CO2 (F = 3.18, P = 0.33) or N 

treatments (F = 1.93, P = 0.40) in 1-yr-old P. taeda needles, and there was no CO2 × N 

interaction effect (F = 3.67, P = 0.31).   

 

Discussion   

 The depression of P. taeda foliar NaR with CO2 enrichment observed in this 

experiment (Figure 1a) is consistent with a number of previous studies of CO2 effects on 
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NO3
- assimilation (Bloom et al. 2002; Searles and Bloom 2003; Smart et al. 1998; Stitt 

and Krapp 1999).  One potential mechanism for this effect is increased competition for 

reductant between NO3
- and carbon assimilation under elevated CO2 (Bloom et al. 2002).  

If reductant were limiting NaR, we would expect to see differences in NaR at different 

light levels—NaR should be lowest in low light conditions (lower canopy leaves) across 

CO2 treatments, and decrease with CO2 enrichment, particularly in the upper canopies.  In 

our study, however, there were no differences in NaR between the lower and upper 

canopies, nor was there a significant CO2 × canopy height interaction (Figure 3a), 

suggesting that observed CO2 effects on NaR were not driven primarily by competition 

for reductant between carbon and NO3
- assimilation, but rather may have been driven by 

soil-mediated CO2 effects, such as Mo bio-availability.   

Little is known about Mo limitation thresholds and concentration ranges in 

nonagricultural species and systems.  Foliar Mo concentrations in this study (Figure 1b) 

were of similar magnitude to those found in Norway spruce needles in forests in southern 

Germany (20-250 ng g-1;(Lang and Kaupenjohann 1999) and slightly higher that those 

found in a leguminous vine in a Mo-limited scrub-oak community in Florida (10-20 ng  

g-1;(Hungate et al. 2004).  Bio-available soil Mo concentrations at Duke and ORNL 

FACE (Figure 5b) were slightly lower than values reported for Germen spruce forests 

(44-407 ng g-1; Lang and Kaupenjohann 1999) and slightly lower than the deficiency 

range established for agricultural soils (100-200 ng g-1; Sims and Evarsi 1997).   

To test for indirect effects of elevated CO2—that is, changes in soil nutrient 

status—on NaR, we focused on 1-year-old P. taeda needles because there was no effect 

of CO2 enrichment or N fertilization on NaR in L. styraciflua leaves or 0-yr P. taeda 

needles (Figures 1a, 2).  Low NaR in 0-yr needles across treatments (Figure 2) may 

reflect the source of N allocated to new growth—foliar N in 0-yr needles may be derived 

from N recycled within the plant, rather than newly fixed N.  Because soil N supplies are 

often lower than plant demand, N recycling within plants is an important component of 

plant N nutrition, and many studies have found that N retranslocation to new growth is an 

important mechanism to enhance N supply (Proe et al. 2000, Weatherall et al. 2006) 
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We detected no CO2 effects on total soil Mo or N concentrations at Duke FACE 

(Figures 5a, 5c).  However, bio-available Mo—which was greater with CO2 enrichment 

in lower soil depths (15-20 cm) and greater across depths with N fertilization—explained 

47-86% of the variation in P. taeda NaR across CO2 and N treatments.  Soil Mo has been 

linked to limitation of N2-fixation under elevated CO2 in a scrub-oak community 

(Hungate et al. 2004), but Mo-limitation of NaR with CO2 enrichment does not appear to 

be occurring at Duke FACE because bio-available Mo was negatively correlated with 

NaR.  Although the direction of the correlation between bio-available Mo and foliar NaR 

was not as we expected, results of the ANCOVA further support a link between foliar 

NaR and soil Mo.  When bio-available Mo was used a covariate in the analysis, there 

were no detected effects of elevated CO2 or N-fertilization on adjusted NaR (i.e., adjusted 

for bio-available Mo in the ANCOVA) in P. taeda, suggesting that CO2 and N-

fertilization effects on P. taeda NaR were tied to variation in bio-available Mo.   

The negative relationship between bio-available Mo and foliar NaR appears 

contrary to expectations, as previous studies have demonstrated a positive correlation 

between NaR and soil Mo concentrations (Kaiser et al. 2005; Randall 1969; Stout and 

Meagher 1948).  One possible explanation for the negative correlation observed between 

bio-available Mo and leaf NaR is that the bio-available Mo-leaf NaR correlation was 

driven by plant uptake of Mo from soils.  Lang and Kaupenjohann (2000) suggest that 

Mo turnover in soils is governed by plant uptake, and they estimate the annual turnover 

of bio-available Mo (i.e., the oxalate extractable fraction) in soils to be about 30% in a 

Norway spruce forest.  Alternatively, soil Mo-bioavailability may be driven by a complex 

interaction between plant and microbial Mo uptake as well as biological and chemical 

transformations in soils.  Further research is needed to discern the mechanism of the 

relationship between CO2 and N treatments, bio-available Mo and leaf NaR.   

CO2 effects on NO3
- and NH4

+ soil pools and plant uptake capacities may also be an 

important driver of NaR.  While we did not measure NO3
- and NH4

+ dynamics in this 

study, others have found no effect of elevated CO2 on rates of N mineralization or 

nitrification at ORNL or Duke, and no effect on soil NO3
- or NH4

+ pool sizes at Duke 

(Finzi et al. 2001; Sinsabaugh et al. 2003).  CO2 effects on NO3
- and NH4

+ uptake by P. 



 107   

taeda have been variable across studies (BassiriRad 2000; BassiriRad et al. 1996a; 

BassiriRad et al. 1996b; Larigauderie et al. 1994).  Larigauderie et al. (1994) found that 

elevated CO2 increased P. taeda NO3
- uptake when soil NO3- was high but decreased 

uptake under low NO3
- conditions.  Stitt and Krapp (1999) suggest one possible reason 

for reduced NO3
- uptake with CO2 enrichment—especially when NO3

- concentrations are 

low—is that lower transpiration under elevated CO2 may reduce bulk flow of soil water 

and water-soluble nutrients such as NO3
- to roots.  However, there have been no detected 

effect of elevated CO2 on stomatal conductance or leaf-water relations in P. taeda at 

Duke (Ellsworth 1999) nor CO2 effects on canopy water relations at Duke (Schafer et al. 

2001). Based on these studies and on our soil Mo results, it appears that the plant-soil Mo 

dynamic is the main driver of CO2 effects on leaf NaR. 

Elevated CO2 did have species-specific effects on NaR, but patterns were not as 

expected based on previous research on theses species.  Constable et al. (2001), who 

reported NaR activity of similar magnitude (0.1-0.6 µmol NO2
- g-1 h-1) to levels found in 

our study, found an increase in L. styraciflua NaR with CO2 enrichment, while we found 

no CO2 effects on L. styraciflua NaR at Duke or ORNL (Figure 1a).  P. taeda NaR in 0-

year needles did not change with CO2 enrichment, as in Constable et al. (2001), but 1-

year needle NaR decreased in our study (Figure 2a).  There are several possible reasons 

for the contrasting effect of elevated CO2 on NaR in these two studies.  In Constable et al. 

(2001), seedlings were grown in separate pots and were well-supplied with water and 

nutrients under relatively constant environmental conditions.  In field conditions of the 

FACE sites, in addition to direct CO2 treatment effects on NaR, there is potential for 

CO2-mediated differences in soil water content, N concentrations and chemical forms, 

and competition among species for soil nutrients.  In addition, our study suggests that 

changes in soil Mo bio-availability, driven by CO2 and N-fertilization are important 

determinants of plant NaR.  These system-level changes in soil properties can only be 

observed under longer time scales and larger spatial scales provided by the FACE 

experiments.   

As with CO2 treatment, N fertilization effects on NaR also varied between species.  

N fertilization decreased foliar NaR in 1-yr P. taeda needles but there was no change in 
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L. styraciflua.  While there were no detected differences in total soil N concentrations 

between the N-fertilized and control plots at Duke (Figure 5c), total N concentrations in 

leaves and roots were greater with N fertilization (Figures 1c, 4b).  The negative 

correlation between P. taeda foliar NaR and leaf N concentrations may have been driven 

by a preferential uptake of NH4
+ with N-fertilization (fertilization treatment consisted of 

additions of NH4
+NO3

-), coupled with decreased uptake and assimilation of NO3
-.  

Previous studies have shown that the chemical form of N available to plants is an 

important regulator of NaR and also interacts with CO2 effects on NaR (Geiger et al. 

1999; Matt et al. 2001).  Both species in our study have been shown to preferentially take 

up NH4
+ over NO3

-; Constable et al. (2001) determined that the proportion of N taken up 

as NO3
- was about 30% in seedlings of both these species when both forms of inorganic 

N were available.  Under field conditions, however, N uptake will be affected not only by 

root uptake kinetics but also by inter-specific competitive interactions for inorganic soil 

N. 

Instability of the nitrate reductase enzyme coupled with logistics of extracting roots 

from trees under field conditions precluded us from measuring root NaR.  We use caution 

in drawing conclusions about treatment effects on whole plant NO3
- assimilation 

capacity, particularly since root NaR in both these species accounts for more than 50% of 

whole plant nitrate reduction (Constable et al. 2001).  Root NaR may be enhanced by 

elevated CO2, because the energy requirements for root NaR are met through respiration 

of root carbohydrates (Sechley et al. 1992), which tend to increase with CO2 enrichment 

(BassiriRad et al. 1996b).  Therefore, the observed decrease in P. taeda NaR may have 

been coupled to an increase in root NaR.  However, if root Mo concentrations are 

correlated with NaR (as in leaves) then there does not appear to be an increase in root 

NaR with CO2 enrichment because there were no CO2 effects on root Mo concentrations 

at Duke and a decrease in root Mo concentrations at ORNL in the CO2 enriched plots 

(Figure 4a).    

Although we did not measure leaf mass per unit area (LMA) in this study, 

differences in LMA with canopy height and CO2 treatment at Duke and ORNL FACE 

have been reported in other studies.  LMA in L. styraciflua at ORNL was two times 
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greater in upper canopy leaves than in lower canopy leaves (Norby and Iversen 2006), 

and LMA in P. taeda needles at Duke was about 1.5 times greater in the upper canopy 

than the lower canopy (Springer et al. 2005).  Although we found no canopy effects on 

mass-based NaR, NaR on an area basis would therefore be greater in the upper canopy, as 

would be expected if NaR was limited by reductant; when normalized to area, the pattern 

of NaR in P. taeda leaves across canopy heights does suggest competition for reductant 

between carbon fixation and assimilatory NO3
- reduction.  There was also a slight 

increase in L. styraciflua LMA with CO2 enrichment at ORNL (Norby and Iversen 2006); 

while L. styraciflua mass-based NaR was not affected by CO2 enrichment, area-based 

NaR would therefore be increased with CO2 enrichment.  There was no detected CO2 

effect on P. taeda LMA at Duke FACE in needles collected from 1999 through 2002 

(Springer et al. 2005).   

As a required enzyme cofactor for several N transformation processes (e.g., N2 

fixation, nitrate assimilation, nitrification and denitrification) Mo is a key, yet often 

overlooked, player in biological N dynamics.  Further research on multiple element 

interactions and indirect effects of micronutrients on C and N cycling will enhance our 

understanding of and ability to predict global change effects on plant and ecosystem 

processes.  This study also highlights the value of field experiments—even for studying 

complex physiological processes; large-scale studies such as the FACE experiments 

allow observation of complex system-wide processes and indirect effects that may not be 

realized in a greenhouse or laboratory setting. 
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Table 2. Probability values for CO2, N and needle-age effects on foliar NaR, and Mo 
and N concentrations in leaves, roots and soils.  Significant values (p ≤ 0.10) in bold.  
  Mo N NaR 
Leaves     

  Duke CO2 0.31 0.05 0.82 

   L. styraciflua  N 0.30 0.08 0.54 

 CO2 × N  0.22 0.53 0.99 

  Duke  CO2 0.17 0.204 0.10 

   P. taeda*  N 0.88 0.04 0.04 

 Age 0.03 <0.01 <0.01 

 CO2× N 0.78 0.06 0.14 

 CO2× Age 0.22 0.07 0.03 

 N × Age 0.92 0.48 0.02 

 CO2 × N × age 0.53 0.54 0.20 

  ORNL CO2 0.19 0.08 0.37 

Roots     

  Duke CO2 0.66 0.89 - 

 N 0.39 0.04 - 

 CO2 × N 0.55 0.95 - 

  ORNL CO2 0.09 0.07 - 

Soil     

  Duke CO2 0.39 0.65 - 

 N 0.46 0.60 - 

 CO2 × N 0.41 0.90 - 

  ORNL CO2 0.22 0.08 - 

* Full models for leaves at ORNL and Duke P. taeda analysis included height and 
height interaction terms. 
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Figures 

 

Figure 1. Elevated CO2 and N fertilization effects on foliar NaR, Mo and N in 1-yr 
P. taeda needles at Duke and L. styraciflua leaves at Duke and ORNL FACE.   
a.) CO2 and N fertilization significantly decreased NaR (p<0.05) in 1-yr old P. taeda 
needles but not in L. styraciflua leaves.  b.) There were no significant CO2 or N treatment 
effects on foliar Mo concentrations in either species. c.) There was a significant CO2 × N 
interaction effect on foliar N in P. taeda (p<0.05).  L. styraciflua foliar N concentrations 
were significantly lower with CO2 enrichment at both sites (p<0.05) and increased with N 
fertilization at Duke (p<0.10).  Filled bars represent least squares means (±SE) from 
elevated rings and open bars represent ambient rings.  NC= N control; NF = N 
fertilization. 
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Figure 2. NaR in 0-yr and 1-yr P. taeda needles at Duke FACE.  a.) There was a 
significant effect of (a.) elevated CO2 and (b.) N fertilization on NaR in 1-yr P. taeda 
needles (p < 0.05) but not in 0-yr-old needles.  Symbols represent least squares means (± 
SE) from a.) elevated (filled circles) and ambient CO2 rings (open circles), and b.) N 
control (light grey triangles) and N fertilized sectors (dark grey squares). 
 

 

Figure 3. NaR in 1-yr P. taeda needles in the upper and lower canopies at Duke 
FACE.  a.) There was no CO2 × canopy height interaction effect on NaR b.) but there 
was a significant N fertilization × canopy height effect (p < 0.05). Symbols represent 
least squares means (± SE) from a.) elevated (filled circles) and ambient CO2 rings (open 
circles), and b.) N control (light grey triangles) and N fertilized sectors (dark grey 
squares). 
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Figure 4. Elevated CO2 and N fertilization effects on root Mo and N concentrations 
at Duke and ORNL FACE.  a.) Root Mo concentrations at Duke did not change with 
CO2 or N enrichment, but there were significantly lower root Mo concentrations at 
ORNL in the CO2 enriched rings (p < 0.05). b.) At Duke, there was no significant effect 
of elevated CO2 on root N concentrations, but there were significantly greater root N 
concentrations with N fertilization.  At ORNL, there was a significant increase in root N 
with CO2 enrichment.  Filled bars represent means (± SE) from elevated rings and open 
bars from ambient rings. NC= N control; NF = N fertilization. 
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Figure 5. Elevated CO2 and N fertilization effects on soil (0-20cm) Mo and N 
concentrations at Duke and ORNL FACE.  a.) There were no significant CO2 or N 
fertilization effects on total soil Mo concentrations at either site; b.) however, at Duke, 
soil Mo bio-availability was greater in the CO2 enriched plots in the lower soil depths 
(15-20 cm; p < 0.10) and there was a significant increase in bio-available Mo with N 
fertilization across depths (p < 0.05).  Bio-available soil Mo at ORNL was also 
significantly greater with CO2 enrichment (p < 0.05).  c.) There were no detected effects 
of CO2 or N fertilization on N concentrations in soils at Duke, but there were 
significantly greater soil N concentrations with CO2 enrichment at ORNL.  Filled bars 
represent least squares means (SE) from elevated rings and open bars from ambient rings.  
NC= N control; NF = N fertilization. 
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Figure 6. Relationship between foliar NaR and foliar N and Mo concentrations in 0 
and 1-yr P. taeda needles.  a. Foliar NaR was negatively correlated with foliar N 
concentrations (R2 = 0.33, P < 0.01) b. and positively correlated with foliar Mo 
concentrations (R2 = 0.22, P = 0.03) across needle age classes.  Points represent least 
squares means (SE) from N treatment sectors in each experimental ring.  Values were 
averages across canopies heights.  Light grey circles represent 0-yr needles and dark grey 
squares represent 1-yr needles. 
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Figure 7. Relationship between foliar NaR in 1-yr P. taeda needles and soil Mo 
bioavailability at Duke FACE.  There was a significant negative correlation between 
log NaR and bio-available soil Mo (R2 = 0.47, P < 0.05).  The strength of this correlation 
increased markedly with the outlier removed (R2 = 0.86, P < 0.01).  Points represent least 
squares means (SE) from N treatment sectors in each experimental ring.  Leaf NaR 
values were averaged across canopies, and soil values were averaged across depths. 
 

 

 

 

 

 

 

 

 

 



 118   

Bibliography 
 

 

 

Aastrup M, Iverfeldt A, Bringmark L, Kvarnas H, Thunholm B, Hultberg H (1995) 
Monitoring of heavy metals in protected forest catchments in Sweden. Water Air 
and Soil Pollution 85:755-760 

 
Ainsworth EA, Long SP (2005) What have we learned from 15 years of free-air CO2 

enrichment (FACE)? A meta-analytic review of the responses of photosynthesis, 
canopy. New Phytologist 165:351-371 

 
Andrews JA, Schlesinger WH (2001) Soil CO2 dynamics, acidification, and chemical 

weathering in a temperate forest with experimental CO2 enrichment. Global 
Biogeochemical Cycles 15:149-162 

 
Anderson TM, McNaughton SJ, Ritchie ME (2004) Scale-dependent relationships 

between the spatial distribution of a limiting resource and plant species diversity 
in an African grassland ecosystem. Oecologia 139:277-287 

 
Arnon AI, Stout PR (1939) The essentiality of certain elements in minute quantities for 

plants with special reference to copper. Plant Physiology 141:371-375 
 
 
Bai C, Reilly CC, Wood BW (2006) Nickel deficiency disrupts metabolism of ureides, 

amino acids, and organic acids of young pecan foliage. Plant Physiology 140:433-
443 

 
Barcelo J, Guevara P, Poschenrieder C (1993) Silicon amelioration of aluminum toxicity 

in teosinte (Zea mays ssp. Mexicana). Plant and Soil 154:249-255 
 
Barcelo J, Poschenrieder C (1990) Plant water relations as affected by heavy-metal 

stress—a review. Journal of Plant Nutrition 13:1-37 
 
BassiriRad H (2000) Kinetics of nutrient uptake by roots: responses to global change. 

New Phytologist 147: 155-169 
 
BassiriRad H, Griffin KL, Strain BR, Reynolds JF (1996a) Effects of CO2 enrichment on 

growth and root (NH4
+)-N-15 uptake rate of loblolly pine and ponderosa pine 

seedlings. Tree Physiology 16: 957-962 
 
BassiriRad H, Thomas RB, Reynolds JF, Strain BR (1996b) Differential responses of 

root uptake kinetics of NH4
+ and NO3

- to enriched atmospheric CO2 concentration 
in field-grown loblolly pine. Plant Cell and Environment 19: 367-371 



 119   

 
Berg JM, Shi YG (1996) The galvanization of biology: A growing appreciation for the 

roles of zinc. Science 271:1081-1085 
 
Berndt MP, Hatzell HH, Crandall CA, Turtora M, Pittman JR, Oaksford ET (1998) Water 

Quality in the Georgia-Florida Coastal Plain, Georgia and Florida, 1992-96: U.S. 
Geological Survey 1151 

 
Bloom AJ, Caldwell RM, Finazzo J, Warner RL, Weissbart J (1989) Oxygen and carbon 

dioxide fluxes from barley shoots depend on nitrate assimilation. Plant 
Physiology 91: 352-356 

 
Bloom AJ, Smart DR, Nguyen DT, Searles PS (2002) Nitrogen assimilation and growth 

of wheat under elevated carbon dioxide. Proceedings of the National Academy of 
Sciences of the United States of America 99: 1730-1735 

 
Boardman R, McGuire DO (1990) The role of zinc in forestry. 2. Zinc-deficiency and 

forest management—effect on yield and silviculture of Pinus radiata plantations 
in south Australia. Forest Ecology and Management 37:207-218 

 
Bolan NS, Duraisamy VP (2003) Role of inorganic and organic soil amendments on 

immobilisation and phytoavailability of heavy metals: a review involving specific 
case studies. Australian Journal of Soil Research 41:533-555 

 
Bouis HE (2002) Plant breeding: A new tool for fighting micronutrient malnutrition. 

Journal of Nutrition 132:491S-494S 
 
Bowker MA, Belnap J, Davidson DW, Harland G (2006) Correlates of biological soil 

crust abundance across a continuum of spatial scales: support for a hierarchical 
conceptual model. Journal of Applied Ecology 43:152-163 

 
Bradl HB (2004) Adsorption of heavy metal ions on soils and soils constituents. Journal 

of Colloid and Interface Science 277:1-18 
 
Bradley R, Burt AJ, Read DJ (1982) The biology of mycorrhiza in the Ericaceae.8. The 

role of mycorrhizal infection in heavy-metal resistance. New Phytologist 91:197-
209 

Brady KU, Kruckeberg AR, Bradshaw HD (2005) Evolutionary ecology of plant 
adaptation to serpentine soils. Annual Review of Ecology Evolution and 
Systematics 36:243-266 

 
Brown SL, Chaney RL, Lloyd CA, Angle JS, Ryan JA (1996) Relative uptake of 

cadmium by garden vegetables and fruits grown on long term biosolid-amended 
soils. Environmental Science & Technology 30:3508-3511 

 



 120   

Bryant JP, Chapin FS, Klein DR (1983) Carbon nutrient balance of boreal plants in 
relation to vertebrate herbivory. Oikos 40:357-368 

 
Cakmak I (2000) Tansley review No. 111 - Possible roles of zinc in protecting plant cells 

from damage by reactive oxygen species. New Phytologist 146:185-205 
 
Cakmak I, Marschner H (1986) Mechanism of phosphorus-induced zinc-deficiency in 

cotton. 1. Zinc deficiency-enhanced uptake rate of phosphorus. Physiologia 
Plantarum 68:483-490 

 
Campbell WH (1999) Nitrate reductase structure, function and regulation: Bridging the 

gap between biochemistry and physiology. Annual Review of Plant Physiology 
50: 277-303 

 
Cardon ZG (1996) Influence of rhizodeposition under elevated CO2 on plant nutrition and 

soil organic matter. Plant and Soil 187:277-288 
 
Carney KM, Hungate BA, Drake BG, Megonigal JP (2007) Altered soil microbial 

community at elevated CO2 leads to loss of soil carbon. Proceedings of the 
National Academy of Sciences of the United States of America 104:4990-4995 

 
Carpi A, Lindberg SE (1998) Application of a TeflonTM dynamic flux chamber for 

quantifying soil mercury flux: Tests and results over background soil. 
Atmospheric Environment 32:873-882 

 
Chaignon V, Di Malta D, Hinsinger P (2002) Fe-deficiency increases Cu acquisition by 

wheat cropped in a Cu-contaminated vineyard soil. New Phytologist 154:121-130 
 
Chaignon V, Sanchez-Neira I, Herrmann P, Jaillard B, Hinsinger P (2003) Copper 

bioavailability and extractability as related to chemical properties of contaminated 
soils from a vine-growing area. Environmental Pollution 123:229-238 

 
Chapin FS (1980) The mineral nutrition of wild plants. Annual Review of Ecology and 

Systematics 11:233-260 
 
Cheng WX, Johnson DW (1998) Elevated CO2, rhizosphere processes, and soil organic 

matter decomposition. Plant and Soil 202:167-174 
 
Chesson P (2000) Mechanisms of maintenance of species diversity. Annual Review of 

Ecology and Systematics 31:343 
 
Clarkson DT, Hanson JB (1980) The mineral-nutrition of higher plants. Annual Review 

of Plant Physiology and Plant Molecular Biology 31:239-298 
 



 121   

Clemens S (2001) Molecular mechanisms of plant metal tolerance and homeostasis. 
Planta 212:475-486 

 
Clemmensen KE, Michelsen A, Jonasson S, Shaver GR (2006) Increased 

ectomycorrhizal fungal abundance after long-term fertilization and warming of 
two arctic tundra ecosystems. New Phytologist 171:391-404 

 
Clijsters H, Vanassche F (1985) Inhibition of photosynthesis by heavy metals. 

Photosynthesis Research 7:31-40 
 
Cohen CK, Fox TC, Garvin DF, Kochian LV (1998) The role of iron-deficiency stress 

responses in stimulating heavy-metal transport in plants. Plant Physiology 
116:1063-1072 

 
Coley PD, Bryant JP, Chapin FS (1985) Resource availability and plant antiherbivore 

defense. Science 230:895-899 
 
Constable JVH, BassiriRad H, Lussenhop J, Zerihun A (2001) Influence of elevated CO2 

and mycorrhizae on nitrogen acquisition: contrasting responses in Pinus taeda and 
Liquidambar styraciflua. Tree Physiology 21: 83-91 

 
Cornu JY, Staunton S, Hinsinger P (2007) Copper concentration in plants and in the 

rhizosphere as influenced by the iron status of tomato (Lycopersicon esculentum). 
Plant and Soil 292:63-77 

 
Cotrufo MF, Ineson P, Rowland AP (1994) Decomposition of tree leaf litters grown 

under elevated CO2—effect of litter quality. Plant and Soil 163:121-130 
 
Cotrufo MF, Ineson P, Scott A (1998) Elevated CO2 reduces the nitrogen concentration 

of plant tissues. Global Change Biology 4:43-54 
 
Crowder A (1991) Acidification, metals and macrophytes. Environmental Pollution 

71:171-203 
 
Curtis PS, Wang XZ (1998) A meta-analysis of elevated CO2 effects on woody plant 

mass, form, and physiology. Oecologia 113:299-313 
 
DellaPenna D (1999) Nutritional genomics: Manipulating plant micronutrients to 

improve human health. Science 285:375-379 
 
DeLucia EH, George K, Hamilton JG (2002) Radiation-use efficiency of a forest exposed 

to elevated concentrations of atmospheric carbon dioxide. Tree Physiology 
22:1003-1010 

 



 122   

Dias MA, Oliveira MM (1996) Effects of copper and nitrogen supply in rice. 
Agrochimica 40:1-8 

 
Dijkstra P, Hymus G, Colavito D, Vieglas DA, Cundari CM, Johnson DP, Hungate BA, 

Hinkle CR, Drake BG (2002) Elevated atmospheric CO2 stimulates aboveground 
biomass in a fire-regenerated scrub-oak ecosystem. Global Change Biology 8:90-
103 

 
do Nascimento CWA, de Melo EEC, do Nascimento RSD, Leite PVV (2007) Effect of 

liming on the plant availability and distribution of zinc and copper among soil 
fractions. Communications in Soil Science and Plant Analysis 38:545-560 

 
Dutta K, Schuur EAG, Neff JC, Zimov SA (2006) Potential carbon release from 

permafrost soils of Northeastern Siberia. Global Change Biology 12:2336-2351 
 
Ellsworth DS (1999) CO2 enrichment in a maturing pine forest: are CO2 exchange and 

water status in the canopy affected? Plant Cell and Environment 22:461-472 
 
Ellsworth DS, Reich PB, Naumburg ES, Koch GW, Kubiske ME, Smith SD (2004) 

Photosynthesis, carboxylation and leaf nitrogen responses of 16 species to 
elevated pCO(2) across four free-air CO2 enrichment experiments in forest, 
grassland and desert. Global Change Biology 10:2121-2138 

 
Ericksen JA, Gustin MS, Schorran DE, Johnson DW, Lindberg SE, Coleman JS (2003) 

Accumulation of atmospheric mercury in forest foliage. Atmospheric 
Environment 37:1613-1622 

 
Expert Panel on Mercury Atmospheric Processes (EPMAP) (1994) Mercury atmospheric 

processes: a synthesis report. Workshop Proceedings, EPRI/TR-104214, Tampa, 
FL 

 
Farquhar G, von Caemmerer S (1982) Modelling of photosynthetic response to 

environmental conditions. In: Lange O, Nobel P, Osmond C, Ziegler H (eds) 
Encyclopedia of Plant Physiology. New Series. Vol.12B. Physiological Plant 
Ecology II. Springer-Verlag, Berlin, pp 549-587 

 
Favre F, Tessier D, Abdelmoula M, Genin JM, Gates WP, Boivin P (2002) Iron reduction 

and changes in cation exchange capacity in intermittently waterlogged soil. 
European Journal of Soil Science 53:175-183 

 
Field CB, Behrenfeld MJ, Randerson JT, Falkowski P (1998) Primary production of the 

biosphere: Integrating terrestrial and oceanic components. Science 281: 237-240 
 
Filion M, Dutilleul P, Potvin C (2000) Optimum experimental design for Free-Air 

Carbon dioxide Enrichment (FACE) studies. Global Change Biology 6:843-854 



 123   

 
Finzi AC, Allen AS, DeLucia EH, Ellsworth DS, Schlesinger WH (2001) Forest litter 

production, chemistry, and decomposition following two years of free-air CO2 
enrichment. Ecology 82:470-484 

 
Fitzgerald WF, Lamborg CH (2003) Geochemistry of mercury in the environment. In: 

Holland HD, Turekian KK (eds) Treatise on Geochemistry, vol 9. Elsevier, San 
Diego, pp 107-148 

 
Fleck JA, Grigal DF, Nater EA (1999) Mercury uptake by trees: An observational 

experiment. Water Air and Soil Pollution 115:513-523 
 
Fontes RLF, Coelho HA (2005) Molybdenum determination in Mehlich-1 and Mehlich-3 

soil test extracts and molybdenum adsorption in Brazilian soils. Communications 
in Soil Science and Plant Analysis 36: 2367-2381 

 
Foy CD, Chaney RL, White MC (1978) Physiology of metal toxicity in plants. Annual 

Review of Plant Physiology and Plant Molecular Biology 29:511-566 
 
Franzle S, Markert B (2007) Metals in biomass - from the Biological System of Elements 

to reasons of fractionation and element use. Environmental Science and Pollution 
Research 14:404-413 

 
Freitas H, Prasad MNV, Pratas J (2004) Plant community tolerant to trace elements 

growing on the degraded soils of Sao Domingos mine in the south east of 
Portugal: environmental implications. Environment International 30:65-72 

 
Fujimura KE, Egger KN, Henry GH (2008) The effect of experimental warming on the 

root-associated fungal community of Salix arctica. ISME Journal 2:105-114 
 
Gabriel MC, Williamson DG (2004) Principal biogeochemical factors affecting the 

speciation and transport of mercury through the terrestrial environment. 
Environmental Geochemistry and Health 26:421-434 

 
Galli U, Schuepp H, Brunold C (1994) Heavy-metal binding by mycorrhizal fungi. 

Physiologia Plantarum 92:364-368 
 
Garbin ML, Zandavalli RB, Dillenburg LR (2006) Soil patches of inorganic nitrogen in 

subtropical Brazilian plant communities with Araucaria angustifolia. Plant and 
Soil 286: 323-337 

 
Gasser UG, Dahlgren RA (1994) Solid–phase speciation and surface association of 

metals in serpentinitic soils. Soil Science 158:409–420 
 



 124   

Gasser UG, Juchler WA, Hobson WA, Sticher H (1995) The fate of chromium and nickel 
in subalpine soils derived from serpentine. Canadian Journal of Soil Science 
75:187–195 

 
Geiger M, Haake V, Ludewig F, Sonnewald U, Stitt M (1999) The nitrate and ammonium 

nitrate supply have a major influence on the response of photosynthesis, carbon 
metabolism, nitrogen metabolism and growth to elevated carbon dioxide in 
tobacco. Plant Cell and Environment 22: 1177-1199 

 
Gerendas J, Sattelmacher B (1997) Significance of Ni supply for growth, urease activity 

and the concentrations of urea, amino acids and mineral nutrients of urea-grown 
plants. Plant and Soil 190:153-162 

 
Ghannoum O, Von Caemmerer S, Ziska LH, Conroy JP (2000) The growth response of 

C-4 plants to rising atmospheric CO2 partial pressure: a reassessment. Plant Cell 
and Environment 23:931-942 

 
Gifford RM, Barrett DJ, Lutze JL (2000) The effects of elevated [CO2] on the C: N and C 

: P mass ratios of plant tissues. Plant and Soil 224:1-14 
 
Gildon A, Tinker PB (1983) Interactions of vesicular arbuscular mycorrhizal infections 

and heavy-metals in plants. 2. The effects of infection on uptake of copper.  New 
Phytologist 95:263-268 

 
Gladstones JS, Loneragan JF, Simmons WJ (1975) Mineral elements in temperate crop 

and pasture plants. 3. Copper. Australian Journal of Agricultural Research 
26:113-126 

 
Gleeson SK, Tilman D (1992) Plant allocation and the multiple limitation hypothesis. 

American Naturalist 139:1322-1343 
 
Graham MJ, Nickell CD, Hoeft RG (1995) Inheritance of tolerance to manganese 

deficiency in soybean. Crop Science 35:1007-1010 
 
Graham RD, Stangoulis JCR (2003) Trace element uptake and distribution in plants. 

Journal of Nutrition 133:1502S-1505S 
 
Grant CA, Buckley WT, Bailey LD, Selles F (1998) Cadmium accumulation in crops. 

Canadian Journal of Plant Science 78:1-17 
 
Grigal DF (2003) Mercury sequestration in forests and peatlands: A review. Journal of 

Environmental Quality 32:393-405 
 
Grusak MA, Pearson JN, Marentes E (1999) The physiology of micronutrient 

homeostasis in field crops. Field Crops Research 60:41-56 



 125   

 
Grybos M, Davranche M, Gruau G, Petitjean P (2007) Is trace metal release in wetland 

soils controlled by organic matter mobility or Fe-oxyhydroxides reduction? 
Journal of Colloid and Interface Science 314:490-501 

 
Guerinot ML, Eide D (1999) Zeroing in on zinc uptake in yeast and plants. Current 

Opinion in Plant Biology 2:244-249 
 
Guerinot ML, Yi Y (1994) Iron—nutritious, noxious, and not readily available. Plant 

Physiology 104:815-820 
 
Guo SW, Zhou Y, Gao YX, Li Y, Shen QR (2007) New insights into the nitrogen form 

effect on photosynthesis and photorespiration. Pedosphere 17: 601-610 
 
Gupta SK, Aten C (1993) Comparison and evaluation of extraction media and their 

suitability in a simple-model to predict the biological relevance of heavy-metal 
concentrations in contaminated soils. International Journal of Environmental 
Analytical Chemistry 51:25-46 

 
Gupta UC, Lipsett J (1981) Molybdenum in soils, plants, and animals. Advances in 

Agronomy 34:73-115 
 
Gupta UC (1997) Molybdenum in Agriculture. Cambridge University Press, New York  
 
Gustin MS, Stamenkovic J (2005) Effect of watering and soil moisture on mercury 

emissions from soils. Biogeochemistry 76:215-232 
 
Guyette RP, Cutter BE, Henderson GS (1989) Long-term relationships between 

molybdenum and sulfur concentrations in red cedar tree rings. Journal of 
Environmental Quality 18:385-389 

 
Hamilton AG, Dermody O, Aldea M, Zangerl AR, Rogers A, Berenbaum MR, Delucia 

EH (2005) Anthropogenic changes in tropospheric composition increase 
susceptibility of soybean to insect herbivory. Environmental Entomology 34:479-
485 

 
Han FX, Banin A, Su Y, Monts DL, Plodinec JM, Kingery WL, Triplett GE (2002) 

Industrial age anthropogenic inputs of heavy metals into the pedosphere. 
Naturwissenschaften 89:497-504 

 
Hart JJ, Welch RM, Norvell WA, Kochian LV (2002) Transport interactions between 

cadmium and zinc in roots of bread and durum wheat seedlings. Physiologia 
Plantarum 116:73-78 

 



 126   

Haynes RJ, Goh KM (1978) Ammonium and nitrate nutrition of plants. Biological 
Review 53: 465-510 

 
Heenan DP, Campbell LC (1981) Influence of potassium and manganese on growth and 

uptake of magnesium by soybeans (Glycine max (L) Merr. cv. Bragg). Plant and 
Soil 61:447-456 

 
Hell R, Stephan UW (2003) Iron uptake, trafficking and homeostasis in plants. Planta 

216:541-551 
 
Hendrey GR, Ellsworth DS, Lewin KF, Nagy J (1999) A free-air enrichment system for 

exposing tall forest vegetation to elevated atmospheric CO2. Global Change 
Biology 5:293-309 

 
Henriques FS (2003) Gas exchange, chlorophyll a fluorescence kinetics and lipid per 

oxidation of pecan leaves with varying manganese concentrations. Plant Science 
165:239-244 

 
Hill J, Robson AD, Loneragan JF (1978) Effects of copper and nitrogen supply on re-

translocation of copper in 4 cultivars of wheat. Australian Journal of Agricultural 
Research 29:925-939 

 
Hochberg Y (1988) A sharper Bonferroni procedure for multiple tests of significance. 

Biometrika 75:800-802 
 
Holmgren GGS, Meyer MW, Chaney RL, Daniels RB (1993) Cadmium, lead, zinc, 

copper, and nickel in agricultural soils of the United States of America. Journal of 
Environmental Quality 22:335-348 

 
Hong SM, Candelone JP, Patterson CC, Boutron CF (1994) Greenland ice evidence of 

hemispheric lead pollution 2-millenia ago by Greek and Roman civilizations. 
Science 265:1841-1843 

 
Horst WJ, Marschner H (1978) Effects of silicon on manganese tolerance of bean plants 

(Phaseolus vulgaris L). Plant and Soil 50:287-303 
 
Hungate BA, Dukes JS, Shaw MR, Luo YQ, Field CB (2003) Nitrogen and climate 

change. Science 302: 1512-1513 
 
Hungate BA, Stiling PD, Dijkstra P, Johnson DW, Ketterer ME, Hymus GJ, Hinkle CR 

and Drake BG (2004) CO2 elicits long-term decline in nitrogen fixation. Science 
304: 1291-1291 

 
Huppe HC, Turpin DH (1994) Integration of carbon and nitrogen metabolism in plant and 

algal cells. Annual Review of Plant Physiology 45: 577-607 



 127   

 
Hutchinson TC, Whitby LM (1977) Effects of acid rainfall and heavy-metal particulates 

on a boreal forest ecosystem near Sudbury smelting region of Canada. Water Air 
and Soil Pollution 7:421-438 

 
Huynh H, Feldt LS (1976) Estimation of the Box correction for degrees of freedom from 

sample data in randomized block and split-plot designs. Journal of Educational 
Statistics 1:69-82 

 
Hymus GJ, Johnson DP, Dore S, Anderson HP, Hinkle CR, Drake BG (2003) Effects of 

elevated atmospheric CO2 on net ecosystem CO2 exchange of a scrub-oak 
ecosystem. Global Change Biology 9:1802-1812 

 
Imtiaz M, Alloway BJ, Memon MY, Khan P, Siddiqui S, Aslam M,  Shah SKH (2006) 

Zinc tolerance in wheat cultivars as affected by varying levels of phosphorus. 
Communications in Soil Science and Plant Analysis 37:1689-1702 

 
Intergovernmental Panel on Climate Change (IPCC) (2007) Climate Change 2007: The 

Physical Science Basis. Summary for Policymakers. In. World Meteorological 
Organization and UN Environment Program, Geneva 

 
Iturralde RB (2001) The influence of ultramafic soils on plants in Cuba. South African 

Journal of Science 97:510-512 
 
Iverfeldt A (1991) Mercury in forest canopy throughfall water and its relation to 

atmospheric deposition. Water Air and Soil Pollution 56:553-564 
 
Jackson RB, Caldwell MM (1993) The scale of nutrient heterogeneity around individual 

plants and its quantification with geostatistics. Ecology 74: 612-614 
 
Jastrow JD, Miller RM, Matamala R, Norby RJ, Bouttan TW, Rice CW, Owensby CE 

(2005) Elevated atmospheric carbon dioxide increases soil carbon. Global Change 
Biology 11:2057-2064 

 
Jentschke G, Goldbold DL (2000) Metal toxicity and ectomycorrhizas. Physiologia 

Plantarum 109:107-116 
 
Johnson NM, Driscoll CT, Eaton JS, Likens GE, McDowell WH (1981) Acid-rain, 

dissolved aluminum and chemical weathering at the Hubbard Brook experimental 
forest, New Hampshire. Geochimica Et Cosmochimica Acta 45:1421-1437 

 
Johnson DW, Cheng W, Joslin JD, Norby RJ, Edwards NT, Todd DE (2004) Effects of 

elevated CO2 on nutrient cycling in a sweetgum plantation. Biogeochemistry 69: 
379-403 

 



 128   

Jones HE, Ethering (1970) Comparative studies of plant growth and distribution in 
relation to waterlogging. 1. Survival of Erica cinerea L. and E. tetralix L. and its 
apparent relationship to iron and manganese uptake in waterlogged soil. Journal 
of Ecology 58:487-496 

 
Kaiser BN, Gridley KL, Brady JN, Phillips T, Tyerman SD (2005) The role of 

molybdenum in agricultural plant production. Annals of Botany 96:745-754 
 
Kalbitz K, Wennrich R (1998) Mobilization of heavy metals and arsenic in polluted 

wetland soils and its dependence on dissolved organic matter. Science of the Total 
Environment 209:27-39 

 
Kapata-Pendias A (2000) Trace elements in soils and plants. CRC Press, Boca Raton 
 
Knecht MR, Goransson A (2004) Terrestrial plants require nutrients in similar 

proportions. Tree Physiology 24:447-460 
 
Koleli N, Eker S, Cakmak I (2004) Effect of zinc fertilization on cadmium toxicity in 

durum and bread wheat grown in zinc-deficient soil. Environmental Pollution 
131:453-459 

 
Kolka RK, Nater EA, Grigal DF, Verry ES (1999) Atmospheric inputs of mercury and 

organic carbon into a forested upland bog watershed. Water Air and Soil Pollution 
113:273-294 

 
Krupa P, Kozdroj J (2007) Ectomycorrhizal fungi and associated bacteria provide 

protection against heavy metals in inoculated pine (Pinus sylvestris L.) seedlings. 
Water Air and Soil Pollution 182:83-90 

 
Lair GJ, Gerzabek MH, Haberhauer G (2007) Sorption of heavy metals on organic and 

inorganic soil constituents. Environmental Chemistry Letters 5:23-27 
 
Lamborg CH, Fitzgerald WF, Damman AWH, Benoit JM, Balcom PH, Engstrom DR 

(2002) Modern and historic atmospheric mercury fluxes in both hemispheres: 
Global and regional mercury cycling implications. Global Biogeochemical Cycles 
16:1-51 

 
Lang F, Kaupenjohann M (1999) Molybdenum fractions and mobilization kinetics in acid 

forest soils. Journal Plant Nutrition and Soil Science 162: 309-314 
 
Lang F, Kaupenjohann M (2000) Molybdenum at German Norway spruce sites: contents 

and mobility. Canadian Journal of Forest Research 30: 1034-1040 
 
Larigauderie A, Reynolds JF, Strain BR (1994) Root response to CO2 enrichment and 

nitrogen supply in loblolly pine. Plant and Soil 165: 21-32 



 129   

 
Lichter J, Lavine M, Mace KA, Richter DD, Schlesinger WH (2000) Throughfall 

chemistry in a loblolly pine plantation under elevated atmospheric CO2 
concentrations. Biogeochemistry 50:73-93 

 
Likens GE, Driscoll CT, Buso DC (1996) Long-term effects of acid rain: Response and 

recovery of a forest ecosystem. Science 272:244-246 
 
Lindberg SE, Hanson PJ, Meyers TP, Kim KH (1998) Air/surface exchange of mercury 

vapor over forests - The need for a reassessment of continental biogenic 
emissions. Atmospheric Environment 32:895-908 

 
Linde M, Oborn I, Gustafsson JP (2007) Effects of changed soil conditions on the 

mobility of trace metals in moderately contaminated urban soils. Water Air and 
Soil Pollution 183:69-83 

 
Lindsay WL, Schwab AP (1982) The chemistry of iron in soils and its availability to 

plants. Journal of Plant Nutrition 5:821-840 
 
Liu D, Clark JD, Crutchfield JD, Sims JL (1996) Effect of pH of ammonium oxalate 

extracting solutions on prediction of plant available molybdenum in soil. 
Communications in Soil Science and Plant Analysis 27: 2511-2541 

 
Loladze I (2002) Rising atmospheric CO2 and human nutrition: toward globally 

imbalanced plant stoichiometry? Trends in Ecology & Evolution 17:457-461 
  
Loneragan JF, Grove TS, Robson AD, Snowball K (1979) Phosphorus toxicity as a factor 

in zinc-phosphorus interactions in plants. Soil Science Society of America Journal 
43:966-972 

 
Lovett GM, Nolan SS, Driscoll CT, Fahey TJ (1996) Factors regulating throughfall flux 

in a new New-Hampshire forested landscape. Canadian Journal of Forest 
Research-Revue Canadienne De Recherche Forestiere 26:2134-2144 

 
Lubowski RN, Vesterby M, Bucholtz S, Baez A, Roberts MJ (2006) Major land uses in 

the United States. U.S. Dept. of Agriculture Economic Information Bulletin (EIB-
14) 54pp  

 
Lucassen E, Smolders AJP, Roelofs JGM (2000) Increased groundwater levels cause iron 

toxicity in Glyceria fluitans (L.). Aquatic Botany 66:321-327 
 
Lucassen E, Smolders AJP, Boedeltje G, van den Munckhof PJJ, Roelofs JGM (2006) 

Groundwater input affecting plant distribution by controlling ammonium and iron 
availability. Journal of Vegetation Science 17:425-434 

 



 130   

Luo Y, Su B, Currie WS, Dukes JS, Finzi A, Hartwig U, Hungate B, McMurtrie RE, 
Oren R, Parton WJ, Pataki DE, Shaw MR, Zak DR, Field CB (2004) Progressive 
nitrogen limitation of ecosystem responses to rising atmospheric carbon dioxide. 
Bioscience 54: 731-739 

Ma JF (2004) Role of silicon in enhancing the resistance of plants to biotic and abiotic 
stresses. Soil Science and Plant Nutrition 50:11-18 

 
Mack MC, Schuur EAG, Bret-Harte MS, Shaver GR, Chapin FS (2004) Ecosystem 

carbon storage in arctic tundra reduced by long-term nutrient fertilization. Nature 
431:440-443 

 
Maksymiec W (1997) Effect of copper on cellular processes in higher plants. 

Photosynthetica 34:321-342 
 
Markert B (1994) The biological system of the elements (BSE) for terrestrial plants. 

Science of the Total Environment 155:221-228 
 
Marschner H, Schropp A (1977) Comparative studies on sensitivity of 6 rootstock 

varieties of grapevine to phosphate-induced Zn deficiency. Vitis 16:79-88 
 
Marschner H, Oberle H, Cakmak I, Romheld V (1990) Growth enhancement by silicon in 

cucumber (Cucumis sativus) plants depends on imbalance in phosphorus and zinc 
supply. Plant and Soil 124:211-219 

 
Marschner H, Romheld V (1994) Strategies of plants for acquisition of iron. Plant and 

Soil 165:261-274 
 
Marschner H (1995) Mineral Nutrition of Higher Plants, 2nd edn. Academic Press, San 

Diego 
 
Matt P, Geiger M, Walch-Liu P, Engels C, Krapp A, Stitt M (2001) Elevated carbon 

dioxide increases nitrate uptake and nitrate reductase activity when tobacco is 
growing on nitrate, but increases ammonium uptake and inhibits nitrate reductase 
activity when tobacco is growing on ammonium nitrate. Plant Cell and 
Environment 24: 1119-1137 

 
McBride MB, Richards BK, Steenhuis T (2004) Bioavailability and crop uptake of trace 

elements in soil columns amended with sewage sludge products. Plant and Soil 
262:71-84 

 
McKane RB, Johnson LC, Shaver GR, Nadelhoffer KJ, Rastetter EB, Fry B, Giblin AE, 

Kielland K, Kwiatkowski BL, Laundre JA, Murray G (2002) Resource-based 
niches provide a basis for plant species diversity and dominance in arctic tundra. 
Nature 415: 68-71 

 



 131   

McLaughlin MJ, Zarcinas BA, Stevens DP, Cook N (2000) Soil testing for heavy metals. 
Communications in Soil Science and Plant Analysis 31:1661-1700 

 
Meagher RB (2000) Phytoremediation of toxic elemental and organic pollutants. Current 

Opinion in Plant Biology 3:153-162 
 
Meda AR , Scheuermann EB, Prechsl U, Erenoglu B, Schaaf G, Hayen H, Weber G, von 

Wirén N (2007) Iron acquisition by phytosiderophores contributes to cadmium 
tolerance. Plant Physiology 143:1761-1773 

 
Mehlich A (1984) Mehlich-3 soil test extractant—a modification of Mehlich-2 extractant. 

Communications in Soil Science and Plant Analysis 15: 1409-1416 
 
Melillo JM, McGuire AD, Kicklighter DW, Moore B, Vorosmarty CJ, Schloss AL (1993) 

Global climate change and terrestrial net primary production. Nature 363: 234-
240 

 
Mendel RR, Hansch R (2002) Molybdoenzymes and molybdenum cofactor in plants. 

Journal of Experimental Botany 53:1689-1698 
 
Miller AE, Bowman WD (2002) Variation in nitrogen-15 natural abundance and nitrogen 

uptake traits among co-occurring alpine species: do species partition by nitrogen 
form? Oecologia 130: 609-616 

 
Miller ME, Belnap J, Beatty SW, Reynolds RL (2006) Performance of Bromus tectorum 

L. in relation to soil properties, water additions, and chemical amendments in 
calcareous soils of southeastern Utah, USA. Plant and Soil 288:1-18 

 
Millhollen AG, Obrist D, Gustin MS (2006) Mercury accumulation in grass and forb 

species as a function of atmospheric carbon dioxide concentrations and mercury 
exposures in air and soil. Chemosphere 65:889-897 

 
Mucha AP, Almeida CMR, Bordalo AA, Vasconcelos M (2005) Exudation of organic 

acids by a marsh plant and implications on trace metal availability in the 
rhizosphere of estuarine sediments. Estuarine Coastal and Shelf Science 65:191-
198 

 
Munthe J, Hultberg H, Lee YH, Parkman H, Iverfeldt A, Renberg I (1995) Trends of 

mercury and methylmercury in deposition, runoff water and sediments in relation 
to experimental manipulations and acidification. Water Air and Soil Pollution 
85:743-748 

 
Neilsen GH, Hogue EJ (1986) Some factors affecting leaf zinc concentrations of apple 

seedlings grown in nutrient solution. Hortscience 21:434-436 
 



 132   

Newsham KK, Fitter AH, Watkinson AR (1995) Multi-functionality and biodiversity in 
arbuscular mycorrhizas. Trends in Ecology & Evolution 10:407-411 

 
Norby RJ, Cotrufo MF, Ineson P, O'Neill EG, Canadell JG (2001) Elevated CO2, litter 

chemistry, and decomposition: a synthesis. Oecologia 127:153-165 
 
Norby RJ, Todd DE, Fults J, Johnson DW (2001) Allometric determination of tree 

growth in a CO2-enriched sweetgum stand. New Phytologist 150:477-487 
 
Norby RJ, Sholtis JD, Gunderson CA, Jawdy SS (2003) Leaf dynamics of a deciduous 

forest canopy: no response to elevated CO2. Oecologia 136:574-584 
 
Norby RJ, Ledford J, Reilly CD, Miller NE, O'Neill EG (2004) Fine-root production 

dominates response of a deciduous forest to atmospheric CO2 enrichment. 
Proceedings of the National Academy of Sciences of the United States of America 
101:9689-9693 

 
Norby RJ, Iversen CM (2006) Nitrogen uptake, distribution, turnover, and efficiency of 

use in a CO2-enriched sweetgum forest. Ecology 87:5-14 
 
Nowinski NS, Trumbore SE, Schuur EAG, Mack MC, Shaver GR (2008) Nutrient 

addition prompts rapid destabilization of organic matter in an arctic tundra 
ecosystem. Ecosystems 11:16-25 

 
Nriagu JO, Pacyna JM (1988) Quantitative assessment of worldwide contamination of 

air, water and soils by trace-metals. Nature 333:134-139 
 
Oborn I, Jansson G, Johnsson L (1995) A field study on the influence of soil pH on trace 

element levels in spring wheat (Triticum aestivam), potatoes (Solanum 
tuberosum) and carrots (Daucus carota). Water Air and Soil Pollution 85:835-840 

 
Oh NH, Richter DD (2004) Soil acidification induced by elevated atmospheric CO2. 

Global Change Biology 10:1936-1946 
 
Ohki K (1976) Manganese deficiency and toxicity levels for Bragg soybeans. Agronomy 

Journal 68:861-864 
 
Ohki K (1985) Manganese deficiency and toxicity effects on photosynthesis, chlorophyll, 

and transpiration in wheat. Crop Science 25:187-191 
 
Oliva SR, Raitio H (2003) Review of cleaning techniques and their effects on the 

chemical composition of foliar samples. Boreal Environment Res 8: 263-272 
 



 133   

Olsrud M, Melillo JM, Christensen TR, Michelsen A, Wallander H, Olsson PA (2004) 
Response of ericoid mycorrhizal colonization and functioning to global change 
factors. New Phytologist 162:459-469 

 
Parsons WFJ, Lindroth RL, Bockheim JG (2004) Decomposition of Betula papyrifera 

leaf litter under the independent and interactive effects of elevated CO2 and O3. 
Global Change Biology 10:1666-1677 

 
Pasricha NS, Nayyar VK, Randhawa NS, Sinha MK (1977) Molybdenum accumulation 

in forage crops. 2. Influence of sulfur fertilizer on suppression of molybdenum 
uptake by berseem (Trifolium alexandrium L.) and oats (Avena sativa L.) grown 
on a molybdenum-toxic soil. Plant and Soil 46:245-250 

 
Paterson E, Hall JM, Rattray EAS, Griffiths BS, Ritz K, Killham K (1997) Effect of 

elevated CO2 on rhizosphere carbon flow and soil microbial processes. Global 
Change Biology 3:363-377 

 
Pitcher LH, Zilinskas BA (1996) Overexpression of copper/zinc superoxide dismutase in 

the cytosol of transgenic tobacco confers partial resistance to ozone-induced foliar 
necrosis. Plant Physiology 110:583-588 

 
Plass W (1983) Molybdänmangel bei Sulfat- und zeitweisem Nitrat-Überangebot ± ein 

hypothetischer Beitrag zum Waldsterben in Westdeutschland. Geoökodynamik 4: 
19-38 

 
Pritchard SG, Strand AE, McCormack ML, Davis MA, Finzi A, Jackson RB, Matamala 

R, Rogers HH, Oren R (2008) Fine root dynamics in a loblolly pine forest are 
influenced by free-air-CO2-enrichment: a six-year-minirhizotron study. Global 
Change Biology 14:588-602 

 

Proe MF, Midwood AJ, Craig J (2000) Use of stable isotopes to quantify nitrogen, 
potassium and magnesium dynamics in young Scots pine (Pinus sylvestris). New 
Phytologist 146:461-469 

 
Puschenreiter M, Horak O (2003) Slow-release zeolite-bound zinc and copper fertilizers 

affect cadmium concentration in wheat and spinach. Communications in Soil 
Science and Plant Analysis 34:31-40 

 
Quinn G, Keough M (2002) Experimental Design and Data Analysis for Biologists. 

Cambridge University Press, New York 
 
Randall PJ (1969) Changes in nitrate and nitrate reductase levels on restoration of 

molybdenum to molybdenum-deficient plants. Australian Journal of Agriculatural 
Research 20: 635-642 

 



 134   

Rashid A, Ryan J (2004) Micronutrient constraints to crop production in soils with 
Mediterranean-type characteristics: A review. Journal of Plant Nutrition 27:959-
975 

 
Rasmussen PE, Mierle G, Nriagu JO (1991) The analysis of vegetation for total mercury. 

Water Air and Soil Pollution 56:379-390 
 
Rasmussen PE (1995) Temporal variation of mercury in vegetation. Water Air and Soil 

Pollution 80:1039-1042 
 
Rea AW, Keeler GJ, Scherbatskoy T (1996) The deposition of mercury in throughfall and 

litterfall in the Lake Champlain watershed: A short-term study. Atmospheric 
Environment 30:3257-3263 

 
Rea AW, Lindberg SE, Keeler GJ (2001) Dry deposition and foliar leaching of mercury 

and selected trace elements in deciduous forest throughfall. Atmospheric 
Environment 35:3453-3462 

 
Rea AW, Lindberg SE, Scherbatskoy T, Keeler GJ (2002) Mercury accumulation in 

foliage over time in two northern mixed-hardwood forests. Water Air and Soil 
Pollution 133:49-67 

 
Reeves RD, Baker AJM, Borhidi A, Berazain R (1999) Nickel hyperaccumulation in the 

serpentine flora of Cuba. Annals of Botany 83:29-38 
 
Reynolds HL, Hungate BA, Chapin FS, Dantonio CM (1997) Soil heterogeneity and 

plant competition in an annual grassland. Ecology 78: 2076-2090 
 
Rieuwerts JS (2007) The mobility and bioavailability of trace metals in tropical soils: a 

review. Chemical Speciation and Bioavailability 19:75-85 
 
Riggs JS, Tharp ML, Norby RJ (2007) ORNL FACE weather data. Carbon Dioxide 

Information Analysis Center, U.S. Department of Energy, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee 

 
Rogers A, Ellsworth DS (2002) Photosynthetic acclimation of Pinus taeda (loblolly pine) 

to long-term growth in elevated pCO(2) (FACE). Plant Cell and Environment 
25:851-858 

 
Romheld V (1987) Different strategies for iron acquisition in higher plants. Physiologia 

Plantarum 70:231-234 
 
Roth SK, Lindroth RL (1995) Elevated atmospheric CO2 effects on phytochemistry, 

insect performance and insect parasitoid interactions. Global Change Biology 
1:173-182 



 135   

 
Rubio G, Zhu JM, Lynch JP (2003) A critical test of the two prevailing theories of plant 

response to nutrient availability. American Journal of Botany 90:143-152 
 
Saberi HK, Graham RD, Rathjen AJ (1999) Inheritance of manganese efficiency in 

durum wheat. Journal of Plant Nutrition 22:11-21 
 
Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annual Review of Plant 

Physiology and Plant Molecular Biology 49:643-668 
 
Satterthwaite FE (1946) An approximate distribution of estimates of variance 

components. Biometrics Bulletin 2:110-114 
 
Schafer KVR, Oren R, Lai CT, Katul GG (2002) Hydrologic balance in an intact 

temperate forest ecosystem under ambient and elevated atmospheric CO2 
concentration.  Global Change Biology 8: 895-911 

   
Schmalzer PA, Hinkle CR (1992) Recovery of oak-saw palmetto scrub after fire. 

Castanea 57: 158-173 
 
Schroeder WH, Munthe J (1998) Atmospheric mercury - An overview. Atmospheric 

Environment 32:809-822 
 
Schuster E (1991) The behavior of mercury in the soil with special emphasis on 

complexation and adsorption processes--a review of the literature. Water Air and 
Soil Pollution 56:667-680 

 
Schwenke TG, Kerridge PC (2000) Relative responsiveness of some tropical pasture 

legumes to molybdenum. Tropical Grasslands 34:91-98 
 
Scott NA, Likens GE, Eaton JS, Siccama TG (2001) Trace metal loss following whole-

tree harvest of a northeastern deciduous forest, USA. Biogeochemistry 54:197-
217 

 
Searles PS, Bloom AJ (2003) Nitrate photo-assimilation in tomato leaves under short-

term exposure to elevated carbon dioxide and low oxygen. Plant Cell and 
Environment 26: 1247-1255 

 
Sechley KA, Yamaya T, Oaks A (1992) Compartmentation of nitrogen assimilation in 

higher plants. International Review of Cytology 134: 85-163 
 
Sharma RK, Agrawal M, Agrawal SB (2008) Interactive effects of cadmium and zinc on 

carrots: Growth and biomass accumulation. Journal of Plant Nutrition 31:19-34 
 



 136   

Sholtis JD, Gunderson CA, Norby RJ, Tissue DT (2004) Persistent stimulation of 
photosynthesis by elevated CO2 in a sweetgum (Liquidambar styraciflua) forest 
stand. New Phytologist 162:343-354 

 
Shotyk W, Cheburkin AK, Appleby PG, Fankhauser A, Kramers JD (1996) Two 

thousand years of atmospheric arsenic, antimony, and lead deposition recorded in 
an ombrotrophic peat bog profile, Jura Mountains, Switzerland. Earth and 
Planetary Science Letters 145:E1-E7 

 
Sims JL, Evarsi F (1997) Testing for molybdenum availability in soils. In: Gupta UC (ed) 

Molybdenum in Agriculture. Cambridge University Press, Cambridge, pp 111-
130 

 
Singh A, Agrawal M (2008) Acid rain and its ecological consequences. Journal of 

Environmental Biology 29:15-24 
 
Sinha P, Jain R, Chatterjee C (2000) Interactive effect of boron and zinc on growth and 

metabolism of mustard. Communications in Soil Science and Plant Analysis 
31:41-49 

 
Sinsabaugh RL, Saiya-Corka K, Long T, Osgood MP, Neher DA, Zak DR, Norby RJ 

(2003) Soil microbial activity in a Liquidambar plantation unresponsive to CO2-
driven increases in primary production. Applied Soil Ecology 24: 263-271   

 
Smart DR, Ritchie K, Bloom AJ, Bugbee BB (1998) Nitrogen balance for wheat canopies 

(Triticum aestivum cv. Veery 10) grown under elevated and ambient CO2 
concentrations. Plant Cell and Environment 21: 753-763 

 
Sommer AL (1931) Copper as an essential for plant growth. Plant Physiology 6:339-345 
 
Springer CJ, DeLucia EH, Thomas RB (2005) Relationships between net photosynthesis 

and foliar nitrogen concentrations in a loblolly pine forest ecosystem grown in 
elevated atmospheric carbon dioxide. Tree Physiology 25: 385-394 

 
Stark JM, Hart SC (1997) High rates of nitrification and nitrate turnover in undisturbed 

coniferous forests. Nature 385: 61-64 
 
Steinnes E, Friedland AJ (2006) Metal contamination of natural surface soils from long-

range atmospheric transport: Existing and missing knowledge. Environmental 
Reviews 14:169-186 

 
Sterner R, Elser J (2002) Ecological Stoichiometry: The Biology of Elements from 

Molecules to the Biosphere. Princeton University Press, Princeton 
 



 137   

Stiefel EL (2002) The biogeochemistry of molybdenum and tungsten. In: Molybdenum 
and Tungsten: Their Roles in Biological Processes, vol 39. Marcel Dekker, New 
York, pp 1-29 

 
Stiling P, Rossi AM, Hungate B, Dijkstra P, Hinkle CR, Knott WM, Drake B (1999) 

Decreased leaf-miner abundance in elevated CO2: Reduced leaf quality and 
increased parasitoid attack. Ecological Applications 9:240-244 

 
Stitt M, Krapp A (1999) The interaction between elevated carbon dioxide and nitrogen 

nutrition: the physiological and molecular background. Plant Cell and 
Environment 22: 583-621 

 
St Louis VL et al. (2001) Importance of the forest canopy to fluxes of methyl mercury 

and total mercury to boreal ecosystems. Environmental Science & Technology 
35:3089-3098 

 
Stout PR, Meagher WR (1948) Studies of the molybdenum nutrition of plants with 

radioactive molybdenum. Science 108: 471-473 
 
Tao HB, Dittert K, Zhang LM, Lin S, Romheld V, Sattelmacher B (2007) Effects of soil 

water content on growth, tillering, and manganese uptake of lowland rice grown 
in the water-saving ground-cover rice-production system (GCRPS). Journal of 
Plant Nutrition and Soil Science-Zeitschrift Fur Pflanzenernahrung Und 
Bodenkunde 170:7-13 

 
Taub DR, Miller B, Allen H (2008) Effects of elevated CO2 on the protein concentration 

of food crops: a meta-analysis. Global Change Biology 14:565-575 
 
Templer PH, Dawson TE (2004) Nitrogen uptake by four tree species of the Catskill 

Mountains, New York: Implications for forest N dynamics. Plant and Soil 262: 
251-261 

 
Tilman D (1985) The resource ratio hypothesis of plant succession. American Naturalist 

125:827-852 
 
Tilman D, Lehman CL, Thomson KT (1997) Plant diversity and ecosystem productivity: 

Theoretical considerations. Proceedings of the National Academy of Sciences of 
the United States of America 94:1857-1861 

 
Todd CD, Tipton PA, Blevins DG, Piedras P, Pineda M, Polacco JC (2006) Update on 

ureide degradation in legumes. Journal of Experimental Botany 57:5-12 
 
Treseder KK, Mack MC, Cross A (2004) Relationships among fires, fungi, and soil 

dynamics in Alaskan boreal forests. Ecological Applications 14:1826-1838 
 



 138   

U.S. Environmental Protection Agency (1997a) Mercury Study Report to Congress, vol. 
VII: Characterization of human health and wildlife risks from mercury exposure 
in the United States. EPA-452/R-97-009  

 
U.S. Environmental Protection Agency (1997b), Mercury Study Report to Congress, vol. 

III: Fate and transport of mercury in the environment. EPA-452/R-97-005  
 
Vadez V, Sinclair TR, Serraj R, Purcell LC (2000) Manganese application alleviates the 

water deficit-induced decline of N2 fixation. Plant Cell and Environment 23:497-
505 

 
Van de Velde K, Boutron CF, Ferrari CP, Moreau AL, Delmas RJ, Barbante C, Bellomi 

T, Capodaglio G, Cescon P (2000) A two hundred years record of atmospheric 
cadmium, copper and zinc concentrations in high altitude snow and ice from the 
French-Italian Alps. Geophysical Research Letters 27:249-252 

 
van der Ploeg RR, Bohm W, Kirkham MB (1999) On the origin of the theory of mineral 

nutrition of plants and the law of the minimum. Soil Science Society of America 
Journal 63:1055-1062 

 
van der Welle MEW, Cuppens M, Lamers LPM, Roelofs TGM (2006) Detoxifying 

toxicants: Interactions between sulfide and iron toxicity in freshwater wetlands. 
Environmental Toxicology and Chemistry 25:1592-1597 

 
van der Welle MEW, Smolders AJP, Den Camp H, Roelofs JGM, Lamers LPM (2007) 

Biogeochemical interactions between iron and sulphate in freshwater wetlands 
and their implications for interspecific competition between aquatic macrophytes. 
Freshwater Biology 52:434-447 

 
Vanarendonk J, Poorter H (1994) The chemical composition  and anatomical structure of 

leaves of grass species differing in relative growth rate.  Plant Cell and 
Environment 17:963-970 

 
Vanassche F, Clijsters H (1990) Effects of metals on enzyme activity in plants. Plant Cell 

and Environment 13:195-206 
 
Vanveen JA, Liljeroth E, Lekkerkerk LJA, Vandegeijn SC (1991) Carbon fluxes in plant-

soil systems at elevated atmospheric CO2 levels. Ecological Applications 1:175-
181 

 
Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and sea--how can it 

occur. Biogeochemistry 13: 87-115 
 



 139   

Vukmirovic Z, Unkasevic M, Lazic L, Tosic I, Rajsic S, Tasic M (2004) Analysis of the 
Saharan dust regional transport. Meteorology and Atmospheric Physics 85:265-
273 

 
Ward JK, Tissue DT, Thomas RB, Strain BR (1999) Comparative responses of model C3 

and C4 plants to drought in low and elevated CO2. Global Change Biology 5:857-
867 

 
Weatherall A, Proe MF, Craig J, Cameron AD, Midwood AJ (2006) Internal cycling of 

nitrogen, potassium and magnesium in young Sitka spruce. Tree Physiology 
26:673-680 

 
Welch RM (1995) Micronutrient nutrition of plants. Critical Reviews in Plant Sciences 

14:49-82 
 
Weng LP, Lexmond TM, Wolthoorn A, Temminghoff EJM, Van Riemsdijk WH (2003) 

Phytotoxicity and bioavailability of nickel: Chemical speciation and 
bioaccumulation. Environmental Toxicology and Chemistry 22:2180-2187 

 
Weng LP, Wolthoorn A, Lexmond TM, Temminghoff EJM, Van Riemsdijk WH (2004) 

Understanding the effects of soil characteristics on phytotoxicity and 
bioavailability of nickel using speciation models. Environmental Science & 
Technology 38:156-162 

 
Whelan MJ, Anderson JM (1996) Modelling spatial patterns of throughfall and 

interception loss in a Norway spruce (Picea abies) plantation at the plot scale. 
Journal of Hydrology 186:335-354 

 
Whittaker RH (1954) The ecology of serpentine soils. 1. Introduction. Ecology 35:258-

259 
 
Willby NJ, Pulford ID, Flowers TH (2001) Tissue nutrient signatures predict herbaceous-

wetland community responses to nutrient availability. New Phytologist 152:463-
481 

 
Wiser SK, Peet RK, White PS (1998) Prediction of rare-plant occurrence: A southern 

Appalachian example. Ecological Applications 8:909-920 
 
Woodbury PB, Rubin G, McCune DC, Weinstein LH, Neuhauser EF (1999) Assessing 

trace element uptake by vegetation on a coal fly ash landfill. Water Air and Soil 
Pollution 111:271-286 

 
Wullschleger SD, Gunderson CA, Hanson PJ, Wilson KB, Norby RJ (2002) Sensitivity 

of stomatal and canopy conductance to elevated CO2 concentration - interacting 
variables and perspectives of scale. New Phytologist 153:485-496 



 140   

 
Yachandra VK, Sauer K, Klein MP (1996) Manganese cluster in photosynthesis: Where 

plants oxidize water to dioxygen. Chemical Reviews 96:2927-2950 
 
Yin YJ, Allen HE, Li YM, Huang CP, Sanders PF (1996) Adsorption of mercury(II) by 

soil: Effects of pH, chloride, and organic matter. Journal of Environmental 
Quality 25:837-844 

 
Zerihun A, McKenzie BA, Morton JD (1998) Photosynthate costs associated with the 

utilization of different nitrogen-forms: influence on the carbon balance of plants 
and shoot-root biomass partitioning. New Phytologist 138: 1-11 

 
Zhou QX, Wang X, Liang RL, Wu YY (2003) Effects of cadmium and mixed heavy 

metals on rice growth in Liaoning, China. Soil & Sediment Contamination 
12:851-864 

 
Zimmer W, Mendel R (1999) Molybdenum metabolism in plants. Plant Biology 1:160-

168 
 
Zimov SA, Davydov SP, Zimova GM, Davydova AI, Schuur EAG, Dutta K, Chapin FS 

(2006) Permafrost carbon: Stock and decomposability of a globally significant 
carbon pool. Geophysical Research Letters 33 

 
 


	prelim_pages_3_080404.pdf
	Sue Dissertation Final_3_080408.pdf

