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ABSTRACT

The biogeochemistry of wetland ecosystems varies, causing them to act as sources, sinks, filters
or transformers of nutrients and pollutants. Wetland plants play important roles in the cycling of elements
in wet ecosystems. The structural and physiological adaptations that allow these plants to colonize
wetland habitats as emergent or submerged species contribute to biogeochemical processes in wetland
substrates. Rhizosphere (root zone) oxidation, iron and manganese oxide precipitation, acidification of
the rhizosphere, root exudation, and microbial activity influence the mobility of elements in wetland
substrates. Both emergent and submerged wetland plants can alter conditions in the rhizosphere that
influence the mobility of elements. These plants are also capable of removing elements such as Cd, Cu,
Fe, Mn, N, P and Zn from solution and accumulating them in their tissues.

Root zone studies were carried out in the greenhouse using the wetland plants Typha angustifolia
(cattail) and Rumex crispus (curly dock) and in the field using Triglochin maritima (seaside arrowgrass) to
determine differences in element concentrations in the root and bulk zone under different soil moisture
conditions. Studies involving shallow lakes of Minnesota were carried out to determine relationships
among (1) landscape variables (e.g. lake watershed size, percent agriculture, percent woodland), water
and sediment characteristics (turbidity, chlorophyll-a, organic content, particle size), (3) element
concentrations in waters and sediments, and (3) plant abundance and community composition.

The studies reported here showed that different factors influenced the distribution of multiple
elements in the root zone of emergent wetland plants and in waters and sediments of shallow lakes.
First, the root zone studies indicated that pH, redox and moisture content of wetland soils influenced the
distribution of elements in the rhizosphere and subsequent uptake of these elements by wetland plants.
Second, the shallow lake study showed that land cover uses (agriculture and woodland), lake watershed
size, and sediment physical characteristics (organic content and particle size) influenced the distribution
of elements in waters and sediments of shallow lakes. Concentrations of these elements, land cover
uses, open water area, turbidity, chlorophyll-a concentrations and sediment physical characteristics

influenced abundance and distribution of submerged and floating plants.
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CHAPTER 1. GENERAL INTRODUCTION

1.1. Background

The primary goal of my research was to examine the differences in biogeochemistry in 1) the root
zone soil of wetland plants, and 2) shallow lake ecosystems. One aspect of this research examined
biogeochemical differences in the root and bulk zone of emergent plants under different soil moisture
conditions using greenhouse and field experiments. Interest in these differences arose from the
suggestion of a link between rhizosphere biogeochemistry and metal tolerance in wetland plants
(McCabe et al. 2001, Otte et al. 2004). The second aspect of the research examined biogeochemical
differences in the sediment and water associated with submerged vegetation in shallow lakes of varying
turbidities. This was to determine relationships between macrophyte communities and water and
sediment chemistry. The first section of this review focuses on rhizosphere processes because of their
major role in plant element uptake and distribution. Section two focuses on the biogeochemical effects of
emergent plants. Adaptations to flooding, iron oxidation, influences on element concentrations in soil and
sediment and element accumulation in plant tissues are reviewed in this section. Section three focuses
on submerged plants and relationships with biogeochemistry. Plant influences on element concentrations
in sediments and water, plant indicators of biogeochemical conditions and lake turbidity will be reviewed
in this section. Finally, | have developed a conceptual model to summarize what is known about the
biogeochemical effects of plants in wet ecosystems and to identify the gaps in our knowledge that my
research will address.
1.2. Rhizosphere processes
1.2.1. The rhizosphere defined

The rhizosphere has been defined as the interfacial zone between the root and the soil (Alloway
1995), the section of the soil or sediment that is directly influenced by the presence of living roots (Jacob
and Otte 2003), the volume of soil around the roots that has increased microbial activity (Kapulnik and
Okon 2002), and the region of the soil which is modified by uptake and release of substances by living
roots (Singleton and Sainsbury 1987). The rhizosphere environment differs in chemistry, biochemistry,
and biology from the non-rhizosphere soil (Foster et al. 1983; Kapulnik and Okon 2002). These

differences are a result of the physical and chemical changes caused by root growth and metabolism



(Badalucco and Kuikman 2001; Wang et al. 2002). These changes limit the distribution of organisms in
the plant rhizosphere (Hawkes et al. 2007). Root modifications of the surrounding soil due to gaseous
exchange and removal of nutrients and water create conditions in the rhizosphere that are very different
in biota compared to bulk soil (Robinson et al. 2003).

1.2.2. Rhizosphere biogeochemistry

Plants from various ecological groups may experience different biogeochemical changes in their
rhizosphere. Dryland plants (those that grow in non-flooded or unsaturated soil) may experience
gradients in nutrient concentration, pH, redox potential, root exudates and microbial activity in the
rhizosphere (Marschner 1995). Youssef and Chino (1989b), observing pH gradients at the soil-root
interface of barley and soybean, concluded that the extent of this gradient depends upon plant species
and the initial pH of the bulk soil. Wetland plants also experience these gradients, but to different
degrees due to different influencing factors. Distinct differences in redox potential in the rhizosphere
occur between plants grown in aerated or oxidized soils (dryland plants) and those grown in submerged,
chemically reduced soils (wetland plants) (Marschner 1995). Radial oxygen loss is minimal in plants
growing in aerated soils due to the absence of aerenchyma and lower oxygen diffusion rates within the
plant and the lack of redox gradients in the soil (Mendelssohn 1993).

Changes in the rhizosphere soil pH can be due to carbon dioxide dissolution (Neumann and
Roémbheld 2002), proton release, cation/anion uptake (Begg et al. 1994; Tinker and Nye 2000; Kirk 2004),
release of root exudates (Brimecombe et al. 2001; Walker et al. 2003), and Fe oxidation (Begg et al.
1994; Tinker and Nye 2000; Neumann and Rémheld 2002; Kirk 2004). The pH levels in the rhizosphere
can also be influenced by soil and plant components such as soil buffering capability, soil moisture and
aeration, acid production by microbes, carbon dioxide production by plant roots and soil microorganisms,
plant genotype, absorption of soil nitrogen, plant nutrient status (Neumann and Rémheld 2002), and
release of organic acids and H" ions by plants (Marschner et al. 1986; Begg et al. 1994; Kirk and Bajita
1995; Hinsinger 2001; Kirk 2004).

Variations in pH greatly influence processes in the rhizosphere (Begg et al. 1994) such as the
dissolution or precipitation of nutrients, in particular, changes in the solubility of metals such as Al, Zn, Fe,

Mn, Cu, and Mo (Jungk 2002). Researchers observed pH gradients at the soil-root interface that



corresponded with increased solubility of Zn and Fe in the rhizosphere of barley and soybean (Youssef
and Chino 1991) and increased bioavailability of Al and Fe in the rhizosphere of tea plants (Chen et al.
2006). Differences in pH between the rhizosphere and the bulk soils can result in adsorption, desorption,
precipitation and volatilization of trace elements (Lombi et al. 2001), and dissolution and mobilization of
minerals (Jones et al. 1996; Hinsinger 2001; Puschenreiter et al. 2005).

Trace element adsorption is also influenced by soil mineral composition and organic matter
content (Lombi et al. 2001). Plants are the primary contributors of organic matter and humus to soils
(Brooker et al. 2008) which increases soil nutrient status, improves soil texture, and forms complexes with
metals, thus reducing their availability for plant uptake (Antonovics et al. 1971). Organic matter tends to
accumulate in wetlands due to low oxygen availability resulting in decreased decomposition (Gambrell &
Patrick 1978; Foster et al. 1983) and hence plays an important role in controlling metal mobility in wetland
soils or sediments (Davies 1994; Doyle & Otte 1997).

Redox potential, pH, root exudation and root-microorganism interactions are key factors that play
a role in the mobility and bioavailability of elements in the rhizosphere (Lombi et al. 2001). The redox
potential of the rhizosphere can be altered by microbial activity, by the release of reducing agents (Lombi
et al. 2001), or by radial oxygen loss by plants which will be discussed in more detail later. Root exudates
are a complex mixture of compounds such as organic acids, sugars, amino acids, phenolics and various
other metabolites which play a role in modifying the biochemical and physical properties of the
rhizosphere (Walker et al. 2003). Root exudates also provide organic ligands for element complexation,
facilitate microbial activity and nutrient uptake (Jungk 2002), and influence the speciation, solubility, and
availability of elements in the soil (Marschner 1995; Kabata-Pendias and Pendias 2001; Wang et al.
2002; Graham and Stangoulis 2003; Reichman and Parker 2005).

1.3. Biogeochemical effects of emergent wetland plants

Plants are characterized commonly by their water requirements or adaptations. Wetland plants
depend on an abundant supply of water and grow either partly or fully submerged in water (Raven et al.
1992). For the purposes of this review, we will refer to wetland plants as those species that grow in or on
water or inhabit flooded or saturated soils, i.e., emergent, submerged, floating-leaved and free-floating

plants (Cronk and Fennessy 2001). Zonation of wetland plant communities tends to follow a sequence



parallel to shores in wet ecosystems, with submerged species occurring in deeper water giving way to a
zone of floating-leaved plants closer to the shore, followed by a zone of emergent plants on the margins
in water of about 1 m to saturated soil on the shore (Figure 1.1) (Sculthorpe 1967). Emergent plants
inhabit shallow waters, are rooted in the substrate with their basal portions typically below the water’s
surface, and their photosynthetic and reproductive parts above the surface (Sculthorpe 1967; Cronk and
Fennessy 2001). The most common emergent species are from large families of monocotyledons such
as Poaceae, Cyperaceae, Juncaceae and Typhaceae and they tend to dominate fresh and saltwater

marshes (Cronk and Fennessy 2001).

emergent

submerged

Figure 1.1. Characteristic distribution of emergent and submerged plants in a wet ecosystem (after
Sculthorpe 1967).

1.3.1. Adaptations to soil flooding and waterlogging

Wetland plants have special structural adaptations which allow them to aerate their roots and
rhizomes and thus alleviate oxygen shortages (Cronk and Fennessy 2001; Mitsch and Gosselink 2007).
Some of these adaptations include aerenchyma formation, radial oxygen loss, adventitious roots, stem
hypertrophy, stem buoyancy, fluted trunks, growth dormancy, shallow root systems, lenticels and
pneumatophores (Cronk and Fennessy 2001; Mitsch and Gosselink 2007). The development of
aerenchyma, which creates a gaseous pathway from the stomata in the leaves to the roots, is one of the
most important adaptations in wetland plants that allow them to colonize flooded anoxic soils (Armstrong

1978; Bodelier 2003).



Wetland plants have the advantage of a constant water supply, and they have many physiological
adaptations to deal with the consequences of living under these conditions (Kirk 2004). When soil is
submerged, gaseous exchange between the air and soil is disrupted (Justin and Armstrong 1987) and the
limited oxygen present is used up by soil microorganisms, creating a chemically reduced soil environment
(Trolldenier 1988). The aerenchyma transports oxygen between the aerial parts and the respiring root
tissues of the plant (Armstrong 1967; Armstrong 1978; Justin and Armstrong 1987; Trolldenier 1988;
Jungk 2002; Kirk 2004). Some of the oxygen that is transported to the roots diffuses via radial oxygen
loss into the adjacent soil, resulting in an oxidized rhizosphere and increased redox potential (Foster et al.
1983; Mendelssohn 1993; Davies 1994; Tinker and Nye 2000; Jacob and Otte 2003). The extent of the
oxidation zone around the roots is influenced by the reducing capacity of the soil and the oxygen supply
to the roots (Flessa and Fischer 1992). The rhizosphere becomes an interface between oxic and anoxic
environments which is able to host diverse microbial populations (Neubauer et al. 2007). Rhizosphere
oxidation is a physiological adaptation which prevents the deterioration of roots, maintains nutrient and
water uptake in anaerobic soil conditions (Kirk 1994), and prevents the toxic buildup of Fe®, Mn**, H,S
and monocarboxylic acids (Neumann and Ré6mheld 2002). Plants with greater rates of oxygen diffusion
are able to tolerate stronger reducing conditions (Armstrong 1964). Other physiological adaptations in
response to flooding include pressurized gas flow, decreased water uptake, altered nutrient absorption,
sulfide avoidance and anaerobic respiration (Mitsch and Gosselink 2007).

1.3.2. Iron oxide formation

Rhizosphere oxidation in the root zone of wetland plants is apparent by the presence of reddish
brown Fe*" deposits on root surfaces (Armstrong 1967; Trolldenier 1988; Sadana and Claassen 1996;
Kirk 2004) referred to as Fe plaque (Mendelssohn 1993; Otte et al. 1995). Ferrous iron (Fe2+), the
dominant form of iron present in reduced soils, can be oxidized in the rhizosphere to form ferric iron (Fe3+)
oxyhydroxides (Gambrell and Patrick 1978; De Laune et al. 1981; Mendelssohn 1993). A concentration
gradient is established as the Fe?* concentrations near the root decrease, thus causing more Fe®* to
diffuse towards the oxidized zone near the root (Otte et al. 1995; Tinker and Nye 2000; Kirk 2004).
Oxygen diffusion via specialized air tissues into the roots and then into the surrounding soil is evident in

the depletion of Fe** and the accumulation of Fe*" in the root zone (Kirk and Bajita 1995).



The accumulation of Fe plaque in the vicinity of the roots is dependent on the oxidizing capacity
of the roots, soil texture, organic matter content, pH and redox status, the form and concentration of the
Fe present in the soil (Mendelssohn 1993), and the activity of iron oxidizing bacteria in the vicinity of the
roots (Emerson et al. 1999; Weiss 2003). Soil pH influences Fe dissolution and the resolubilization of
precipitated Fe in the rhizosphere (Mendelssohn 1993). Begg et al. (1994) reporteded increasing iron
concentratons at the root surface and decreasing soil pH due to iron oxidation reactions in the oxidized
rhizosphere of rice. The ratio of Fe®* and Fe* concentration in soil influences the redox potential which is
a measure of the intensity of oxidation and reduction reactions in the soil (Gambrell and Patrick 1978).
Hence, the redox potential of the soil gives an indication of the extent of Fe®" oxidation.

Rhizosphere oxidation and the subsequent formation of Fe plaque has been observed in many
emergent species in laboratory and field settings. For example, this plaque has been noted on the roots
of Typha latifolia L. (Taylor et al. 1984), Oryza sativa L. (Bacha and Hossner 1977; Trolldenier 1988;
Sadana and Claassen 1996), Sagittaria latifolia (Chen and Barko 1988), Aster tripolium L. (Otte et al.
1989), Rumex crispus, Rumex maritimus, Rumex thyrsiflorus (Laan et al. 1989), Halimione portulacoides,
Spartina anglica (Otte et al. 1995), Spartina maritima (Sundby et al. 1998), Caltha palustris (van der
Welle et al. 2007), and Juncus effusus (Neubauer et al. 2007).

1.3.3. Influence on element concentrations in the soil or sediment

Several emergent and submerged plant species have been observed to influence element
concentrations in the soil and sediment (Table 1.1), and have the potential to be used in the
phytoremediation and phytostabilization of elements (Salt et al. 1995; Fritioff and Greger 2003; Weis and
Weis 2004; Azaizeh et al. 2006). The presence of Fe plaque on and around plant roots affects
rhizosphere metal concentrations (Otte et al. 1991; Otte et al. 1995; Doyle and Otte 1997). Oxygen
release from plant roots and subsequent oxidation of sulfides in the rhizosphere (Choi et al. 2006) can
result in the release and mobilization of metals from their associated sulfides (Roden and Wetzel 1996;
Jacob and Otte 2004a), but these metals may then be immobilized due to precipitation in the oxidized
rhizosphere and subsequent binding with Fe plaque (Barko et al. 1991; Jacob and Otte 2003). The
hydrous oxides of Fe and Mn tend to have high adsorption affinities for trace cations (Davies 1994).

Copper, Zn (Otte et al. 1989 1995) and As (Otte et al. 1995) have the potential to bind with Fe plaque. In



a study involving Typha latifolia, Ye et al. (1998) reported that Zn concentrations correlated positively with
Fe concentrations on the root surface, which showed that Fe plaque can accumulate Zn. Blute et al.
(2004) found proportions of As(lll) and As(V) strongly adsorbed to Fe plaque on roots of Typha latifolia.
The adsorption of As to Fe plaque on Typha roots resulted in decreased concentrations of both As(l1l)
and As(V) in groundwater.

Rhizosphere oxidation and the presence of Fe plaque has been shown to influence metal
concentrations in the rhizosphere. Kirk and Baijita (1995) observed zones of Zn accumulation and
depletion associated with the accumulation of Fe® and soil acidification in the rhizosphere of lowland rice.
Zn from highly insoluble fractions in the soil was released due to Fe oxidation and then this Zn was
readsorbed by Fe plaque and organic matter. Otte et al. (1995) reported that the binding of As and Zn
with Fe plaque resulted in a decreasing concentration gradient of metals towards plant roots. In studies
comparing rhizosphere and bulk soil, the rhizosphere was reported to have higher concentrations of As,
Fe and Zn (Otte et al. 1991; Otte et al. 1995; Doyle and Otte 1997; Wright and Otte 1999) and in some
cases lower concentrations of Fe (Otte et al. 1995). Accumulation of Fe and As was probably due to
oxidation processes in the rhizosphere (Otte et al. 1991). In studies comparing vegetated and non-
vegetated flooded sediments, the vegetated sediments had higher concentrations of Zn (Jacob and Otte
20044a; Choi et al. 2006), As and Fe (Doyle and Otte 1997). The presence of living plant roots appears to
enhance metal mobility by inducing the oxidation of the sediments and metal sulfides (Jacob and Otte
2004a).

1.3.4. Element accumulation by emergent plants

An oxidized rhizosphere and the presence of Fe plaque on plant roots has also been shown to
influence metal uptake by plants (Mitsui 1965; Otte et al. 1989; Otte et al. 1991; Ye et al. 1997b; Ye et al.
1998). Armstrong (1978) and Gambrell and Patrick (1978) stated that the formation of Fe plaque on roots
served as a sink for metals and was consequently a hindrance to nutrient uptake by wetland plants.
However, a number of studies have reported that the precipitation of Fe in the rhizosphere of wetland
plants does not necessarily reduce metal uptake (Otte et al. 1989; Ye et al. 1998). Iron plaque
accumulation in the rhizosphere appears to be a secondary source of metals to wetland plants and not a

physical barrier (Ye et al. 1997b). Wetland plants have the ability to remobilize metals that become



Table 1.1. Evidence of plant influence on element concentrations in soil (s), sediment (sd), porewater (pw) and/or water column (wc) (| indicates

decreased element concentrations; 1 indicates increased element concentrations).

Plants Elements Compartment References

Emergent

Aster tripolium 1As, tFe S Otte et al. 1991

Atriplex portulacoides, Spartina townsendii; Halimione 1As, 1Fe, 1Zn s Doyle and Otte 1997; Otte et al.1995;

portulacoides, Spartina anglica; Typha latifolia

Jacob and Otte 2004b

Menyanthes trifoliata |Fe, [Fe**, |P, [Mn pw Moore et al.1994
Oryza sativa 1Fe, TFeZ+; 1Zn s Begg et al.1994; Kirk and Bajita 1995
Sagittaria latifolia IFe, [N, [P sd Chen and Barko 1988
Scirpus subterminalis Torr. 1Ca, |K, Mg, |N, w Mickle and Wetzel 1978
INa
Typha angustifolia P w Horrpila and Nurminen 2005
Typha latifolia 1Fe, TFe2+, 1Zn pw Wright and Otte 1999
Submerged
Ceratophyllum demersum 1Cu, |Pb, |Zn w Keskinan et al.2004
Elodea nuttallii, Myriophyllum spicatum, Potamogeton 1C, IN, [P sd Clarke and Wharton 2001
pectinatus, Ranunculus penicillatus, Sparganium emersum
Hydrilla verticillata IN, |P; [Fe, [N, [P sd Barko et al.1988; Chen and Barko 1988



Isoetes braunii, Myriophyllum tennellum
Isoetes lacustris
Isoetes lacustris, Littorela uniflora

Mentha aquatica, Myriophyllum aquaticum, Ludwigina
palustris

Myriophyllum heterophyllum Michx.

Myriophyllum spicatum

Myriophyllum spicatum; Potamogeton pectinatus, Vallisneria
americana;

Ceratophyllum demersum, Ranunculus circinatus

Myriophyllum spicatum; Egeria densa, Hydrilla verticillata,
Myriophyllum spicatum; Ceratophyllum demersum,
Potamogeton obtusifolius, Ranunculus circinatus;

Myriophyllum sibiricum

Table 1.1 (continued)
1Fe, 1P

1Fe, TMn

|Fe, [Mn, |P

|Cu, |Fe, |Hg, | Zn

|Ca, 1K, |N

1C, IN, [P, 1K; |Cu,
IPb, |Zn

IN, [P

N

P

1P

sd

sd

sd

pw; w

sd

sd

sd

pw

Jaynes and Carpenter 1986
Tessenow and Baynes 1975
Christensen et al.1998

Kamal et al.2004

Mickle and Wetzel 1978

Carignan 1985; Keskinan et al.2003

Prentki 1979; Wigand et al.2001;

Nurminen and Horppila 2009

Peverly and Brittain 1978; Barko and

Smart 1980; Horrpila and Nurminen 2005;

Cronin et al.2006




adsorbed onto Fe plaque and make them available for uptake by acidification of the rhizosphere (Kirk and
Bajita 1995), releasing reducing agents, enzymes (Jungk 2002), chelates or protons (Otte et al. 2004)
from their roots.

Several studies reported that metals are not permanently immobilized by Fe plaque, but may still
be available for uptake by the plant. It was reported that Typha latifolia accumulated Pb and Cd in its root
tissues while Zn was accumulated in the shoots indicating that the root surface and Fe plaque are not the
main barriers to the transport of these metals (Ye et al. 1998). In a study comparing plant uptake and
accumulation with and without Fe plaque present, Cu was found adsorbed to Fe plaque on the root
surface, and plants with Fe plaque took up more Cu than those without Fe plaque (Ye et al. 1997b). This
study also concluded that root tissue and not Fe plaque or the root surface was the main barrier to
metals. A study by Otte et al. (1989) reported that Zn does not permanently adsorb to Fe plaque since
root-induced acidification of the rhizosphere resulted in the remobilization of Zn. Iron plaque appeared to
enhance Zn uptake since roots with Fe plaque took up more Zn than roots without and the amount taken
up was dependent on the amount of plaque present (Otte et al. 1989). McCabe et al. (2001) and Otte et
al. (2004) stated that wetland roots may be exposed to relatively higher levels of metals which in turn may
have led to the development of metal tolerance in wetland plants because metals adsorb to Fe plaque
and may still be available for uptake.

A number of studies have reported that wetland plants accumulate elements in their roots and/or
shoots. Phragmites communis accumulated C, N and P in the shoots and Cd, Cr, Cu, Fe, Mn, Ni, Pb, S,
and Zn in the roots (Baldatoni et al. 2004). Matthews et al. (2004) reported that Glyceria fluitans
accumulated Zn more in the roots and dead leaves compared to the live leaves. Elevated concentrations
of Fe, Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn were detected in Calamagrostis epigeios, Carex remota, Iris
pseudoacorus, Juncus bulbosus, Juncus effusus, Phragmites australis, Phalaris arundinacea, Polygonum
hydropiper, Schoenoplectus lacustris, and Typha angustifolia (Samecka-Cymerman and Kempers 2001).
Szymanowska et al. (1999) found elevated concentrations of Cd, Co, Cr, Hg, Pb and Zn in Phragmites
communis, Typha latifolia, and Schoenoplectus lacustris. The elements in the plant tissues tend to reflect
the element composition of the substrate or sediments (Guilizzoni 1991). As for macronutrients,

significant decrease of N and P concentrations in the output from a constructed wetland receiving tile
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drainage from agricultural fields indicates that the wetland was an efficient sink for nutrients (Hoagland et
al. 2001). The most abundant species in this wetland were Polygonum amphibium, Phalaris arundinea,
Carex spp., and Polygonum punctatum, which accumulated nutrients mainly in their belowground tissues.
1.4. Submerged plants: relationships with biogeochemistry

Submerged plants tend to inhabit shallow or deep open water depending on light availability
(Sculthorpe 1967; Eggers and Reed 1997) and most are rooted in the substrate with their photosynthetic
tissues below the water’s surface (Sculthorpe 1967; Cook 1990; Cronk and Fennessey 2001). Compared
with other types of wetland plants, submerged plants are exposed to lower oxygen and carbon dioxide
concentrations within the water column due to the slow diffusion rate of gases in water (Sculthorpe 1967;
Cronk and Fennessy 2001). Growth within the water column also exposes these plants to lower light
conditions than emergent, free floating or floating-leaved species (Cronk and Fennessey 2001).
Submerged species tend to form canopies concentrating their leaf biomass close to the water surface in
order to maximize their light harvesting potential and to have greater access to carbon dioxide for
photosynthesis (Cronk and Fennessey 2001). Submerged plant species have the ability to release
oxygen from their roots and thus oxygenate their rhizosphere (Barko and Smart 1983). Rhizosphere
oxidation in submerged plants was first reported by Wium-Andersen and Andersen (1972). Oxygen
release from the roots has been observed in the submerged species Isoetes lacustris, Litorella uniflora,
Lobelia dortamana, Potamogeton crispus L., P. friesii Ruprecht, P. pectinatus, Sparganium simplex
Hudson, Zostera marina (Sand-Jensen et al. 1982), Ranunculus circinatus L., Myriophyllum verticillatum
L., (Flessa 1994), Elodea canadensis (Hupfer and Dollan 2003), and Myriophyllum spicatum (Laskov et
al. 2006). Oxygen release from submerged plant roots may also influence metal nutrient retention, pH
and oxidation-reduction status (Wium-Andersen and Andersen 1972; Tessenow and Baynes 1975;
Jaynes and Carpenter 1986; Jackson et al. 1993), nitrification rates and sulfide oxidation in the sediments
(Kemp and Murray 1986).
1.4.1. Influence on element concentrations in the sediment and water

Rooted submerged plants provide a link between the sediments and the overlying water, which
has implications for nutrient cycling in freshwater ecosystems (Carpenter and Lodge 1986; Barko and

James 1998). Submerged plants act as nutrient transporters or pumps as they move nutrients from the
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sediment via uptake into their tissues and then to the water column via senescence of those tissues
(Carignan and Kalff 1980; Jackson et al. 1991 1994; Cronk and Fennessy 2001). Rooted submerged
species acquire most of their nutrients from the sediment and some from the water column (Sculthorpe
1967; Barko and Smart 1980; Barko et al. 1991; Clarke and Wharton 2001). The sediment is the primary
source of N, P, Fe, Mn, and trace elements whereas the water column is the primary source of Ca, Mg,
Na, K, sulfate, and chloride (Barko and Smart 1986; Barko and James 1998; Barko et al. 1991; Jackson
and Kalff 1994).

Nutrient and trace element distribution in the sediment and water, and availability to plants, is
influenced by organic matter, pH, nutrient concentrations, redox potential, calcium carbonate
concentrations, light, microbial activity (Guilizzoni 1991), sediment oxidation (Tessenow and Baynes
1975), and the activity of benthic invertebrates (Barko et al. 1991). Rhizosphere oxidation and the
subsequent formation of Fe plaque has been observed in a number of submerged species in laboratory
and field settings and has important biogeochemical consequences in the cycling of nutrients (Tessenow
and Baynes 1978; Jaynes and Carpenter 1986). Fe plaque has been observed on the roots of /soetes
lacustris (Tessenow and Baynes 1975, 1978), Littorella uniflora (Christensen et al. 1994), Lobelia
dortmana (Christensen and Wigand 1998), Vallisneria americana Michx., Heterathera dubia (Jacqg.) MacM
(St-Cyr and Campbell 1996), Hydrilla verticillata (Wigand et al. 1997), Elodea canadensis (Hupfer and
Dollan 2003), Eriocaulon aquaticum (Urban et al. 2006), Potamogeton crispus (Hupfer and Dollan 2003;
Mi et al. 2008), and Cymodocea serrulata (Povidisa et al. 2009).

Emergent plants tend to have a greater ability to oxidize the rhizosphere compared to submerged
plants (Barko and Smart 1983). This may be due to a lack of direct contact with the atmosphere and less
aerenchyma tissue in submerged plants (Barko and Smart 1983; Cronk and Fennessy 2001). However,
Christensen et al. (1998) indicated that submerged plants appear to produce more root plaque compared
to emergent plants. They reported that L. uniflora and I. lacustris produced about 3500 pymol g root DWW’
Fe plaque whereas other researchers have reported emergent species produce about 1500 pymol g root
DW™ Fe plaque (Chen et al. 1980; McLoughlin et al. 1985; Macfie and Crowder 1987; St-Cyr and
Crowder 1989). Oxygen release by the roots of submerged macrophytes and the subsequent Fe

oxidation in the vicinity of plant roots has implications for the bioavailability of Fe, Mn (Tessenow and
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Baynes 1975) and P (Jaynes and Carpenter 1986; Christensen and Wigand 1998; Hupfer and Dollan
2003) which are known to have an affinity for Fe plaque. Fe and Mn oxyhydroxides precipitate in the
oxidized root zone of submerged plants (Tessenow and Baynes 1978; Christensen et al. 1998;
Christensen and Wigand 1998) and may play a dominant role in the cycling of P as well as trace
elements in aquatic ecosystems (St-Cyr and Campbell 1996).

Phosphorus concentrations in the sediments and overlying water are influenced by seasonal and
daily fluctuations in pH and dissolved oxygen concentrations (Barko and James 1998) and by the binding
capacity of sediments and minerals of Ca, Fe, and Al (Clarke and Wharton 2001). In general, isoetid
species are known to influence the sediment redox potential and available sediment P by releasing
oxygen produced during photosynthesis into the surrounding sediments via their extensive root systems
(Wium-Andersen and Andersen 1972; Jackson and Kalff 1993; Christensen et al. 1998). The binding of P
to Fe plaque plays an important role in the bioavailability of P in lakes during the growing season (Hupfer
and Dolan 2003). These plaques may serve as a temporary sink for P because during senescence and
subsequent decrease in radial oxygen loss, chemically reduced conditions will result in the dissolution of
these plaques and the release of P into the water column (Hupfer and Dolan 2003).

The release of dissolved nutrients to the water column, deoxygenation and accumulation of
sediments are important biogeochemical consequences associated with macrophyte decomposition in
freshwater ecosystems (Carpenter and Lodge 1986). Phosphorus taken up by plants from the sediments
can be released into the water column by excretory and decay processes (Barko and Smart 1980).
Submerged plants mobilize sediment phosphorus via root uptake and senescence of plant tissues (Barko
and James 1998). The mobilization of phosphorus and its subsequent release into the water column
represents internal loading of P which contributes to increased phytoplankton productivity (Landers 1979;
Barko and Smart 1980). Numerous studies have documented P uptake and release into the water
column by senescing tissues of submerged plants (Welch et al. 1979; Barko and Smart 1980 1981;
Carignan and Kalff 1980; Smith and Adams 1986). In addition to P, metals such as Cd and Zn can be
released into the water column from senescing tissues (Mcintosh et al. 1978; Jackson 1998).

Element concentrations in waters and sediments may be influenced by the presence of

submerged plants. Studies that compared vegetated and non-vegetated sediments reported that
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exchangeable N and extractable P concentrations were decreased and K concentrations were increased
within the root zone of live submerged vegetation (Carignan and Kalff 1985; Barko et al. 1988). Wigand
et al. (2001) reported that nutrient pools of porewater associated with vegetated sediments were
significantly lower compared to non-vegetated sediments. Trisal and Kaul (1983) reported decreased
concentrations of N, P, K, and C in sediment associated with Ceratophyllum demersum, Myriophyllum
spicatum, and Potamogeton lucens during the growing season and increased concentrations during
months of plant dormancy. In the presence of submerged vegetation, porewater had higher Ca, Mg, Si,
Fe, Cu, and Zn and lower P concentrations whereas the overlying water had lower Ca, Mg, and Si and
higher P and Cu concentrations (Mi et al. 2008). These differences in concentrations may be due to plant
uptake, root oxygen release, increased pH levels, precipitation, and mineral deposition on plant leaves
(Mi et al. 2008). Lower N and P concentrations in the sediments during the growing season are probably
due to plant uptake, and higher concentrations detected during plant dormancy are probably due to
senescence and decay (Landers 1979; Carignan and Kalff 1980; Carignan 1985). Senescing and
decomposing submerged macrophyte stands release substantial amounts of nutrients from the littoral to
the pelagic zone resulting in nutrient enrichment of lakes (Lie 1979; Carignan 1980; Landers 1982).

Most biogeochemical studies involving submerged plants tend to focus on the cycling and uptake
of P and N because these are the limiting nutrients in aquatic ecosystems (Prentki 1979; Barko and
Smart 1980; Barko et al. 1991; Stephen et al. 1997; Hoagland et al. 2001; Horppila and Nurminen 2003;
Hupfer and Dollan 2003; Rooney et al. 2003). Few studies have focused on the influences of submerged
wetland plants on the biogeochemistry of multiple elements such as Al, Cd, Cr, Cu, Fe, Mn, Ni, and Zn
(Jackson et al. 1994; St-Cyr et al. 1994; Mi et al. 2008). Some studies have shown that submerged
plants can accumulate multiple elements such as Cu, Cd, Cs, Fe, Hg, Pb, and Zn from water (Kamal et al.
2004; Fritioff and Greger 2006; Pinder et al. 2006) and sediment (Barko and Smart 1980; Jackson et al.
1994) and have the potential for the phytoremediation of contaminated waters (Fritioff and Greger 2003).
1.4.2. Indicators of biogeochemical conditions

The most abundant macrophyte species in Minnesota include Typha latifolia, Potamogeton
pectinatus, Potamogeton richardsonii, Najas flexilis, Sagittaria latifolia, Scirpus acutus, and

Ceratophyllum demersum (Moyle 1945). The distribution and abundance of macrophytes are influenced
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by local geology, hydrology, land use, and water and sediment chemistry (Thiébaut and Muller 1998;
Koch 2001; Lougheed et al. 2001). Macrophytes have adaptations that are exclusive to conditions of
their habitat (Cronk and Fennessy 2001). Moyle (1945) identified three groups of plants in Minnesota
lakes, 1) macrophytes of soft-water lakes which occur most often in northeastern Minnesota, 2)
macrophytes that inhabit the hard-water moraine lakes in central, northern and southern Minnesota and,
3) macrophytes of alkali or high sulfate lakes in the western and southwestern prairies of Minnesota.
Isoetes Braunii Dur., Nitella spp., and Lobelia dortmanna are found in soft-water lakes, Chara spp.,
Myriophyllum spicatum, and Najas flexilis are found in hard-water lakes and Ruppia occidentalis,
Stuckenia pectinata (formerly Potamogeton pectinatus), and Zannichellia palustris are found in alkali or
sulfate-rich lakes (Moyle 1945; Mackie 2004).

Macrophytes have special adaptations or tolerances allowing them to attain optimum growth
under particular chemical conditions (Moyle 1945). Some macrophytes are tolerant of nutrient-poor
and/or clear conditions while some are tolerant of nutrient-rich and/or turbid conditions (Lougheed et al.
2001; Mackie 2004). Povidisa et al. (2009) reported that Stuckenia pectinata, Ceratophyllum submersum,
and Lemna spp. were tolerant of nutrient enriched conditions while /soetes spp. Myriophyllum
alterniflorum, Utricularia australis, and Nitella translucens were tolerant of nutrient-poor systems and
sensitive to eutrophication. Species reported to be tolerant of turbid conditions include Potamogeotn
pectinatus, Potamogeton crispus, Potamogeon foliosus, Potamogeton pusillus, Ceratophyllum
demersum, Elodea candensis, Heteranthera dubia, Ranunculus longirostris, Butomus umbellatus, and
Myriophyllum spicatum (Stuckey 1989; van Dijk and van Vierssen 1991). Some macrophytes are tolerant
of slightly brackish to saline conditions (Stewart and Kantrud 1972). Species such as Potamogeton
gramineus, P. pusillus, P. richardsonii, and Ceratophyllum demersum were common in fresh and slightly
brackish waters while Chara spp., Stuckenia pectinata, and Ruppia maritima were common in brackish
and saline conditions (Stewart and Kantrud 1972). The distribution of macrophytes depends on water
depth, water chemistry, sediment characteristics (organic versus inorganic), and competition among

species for nutrients and space (Mackie 2004).
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1.4.3. Role in lake turbidity

Submerged plants play an important role in the water quality of shallow lakes by stabilizing
sediments, reducing the effects of benthivorous fish, wind and wave action (Borman et al. 1997; Eggers
and Reed 1997; Scheffer 2004), and by inhibiting sediment erosion and suspension (Barko and James
1986). Minimized suspension of sediments affects the exchange of nutrients between the sediments and
overlying water (Nurminen and Horppila 2009) and contributes to decreased water turbidity and internal
loading of P to the water column (Horppila and Nurminen 2003). Benthivorous fish favor non-vegetated
(uncovered) sediments in which they can easily forage and thus contribute to increased turbidity by
disturbing these sediments (Faafeng and Mjelde 1998).

In shallow lakes, non-vegetated sediments are more vulnerable to disturbance and resuspension
than plant-covered sediments (Faafeng and Mjelde 1998). Decreased sediment resuspension and
internal P loading was observed within emergent and submerged macrophyte stands indicating that
macrophytes in general contributed to decreased turbidity compared to non-vegetated areas (Horppila
and Nurminen 2005). Chara beds play an important role in the cycling of nutrients in shallow lakes
(Scheffer 2004). They serve as a sink for nutrients by trapping sediments and restricting the release of
sediment bound nutrients (van den Berg et al. 1998; Kufel and Kufel 2002; Scheffer 2004). Significant
sediment retention has also been observed in dense beds of Callitriche cophocarpa and Elodea
canadensis (Sand-Jensen 1998). Submerged plants affect nutrient availability by influencing
environmental conditions (pH and redox status), blocking nutrient access to phytoplankton by competing
for nutrient uptake and restricting the release of nutrients from the sediments (Scheffer and Jeppesen
1998; Sondergaard and Moss 1998, Scheffer 2004). Submerged vegetation contributes to decreased P
loading through the retention of P by calcite precipitates formed during the uptake of carbon from
bicarbonate (Sondergaard and Moss 1998) and by Fe oxides formed as a result of root oxygen release
and sediment oxygenation (Kufel and Kufel 2002). Faafeng and Mjelde (1998) found that shallow lakes
with high densities of vegetation-covered sediments had higher water transparencies compared to lakes
with lower vegetation cover. Water turbidity, concentration of suspended solids, and sediment
resuspension rates were significantly lower within plant beds compared to open water (van den Berg et

al. 1998; Horppila and Nurminen 2003).
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Vegetation-dominated, clear-water shallow lakes typically favor high densities of zooplankton
populations which use submerged vegetation as a refuge from predators (Sondergaard and Moss 1998;
Scheffer 2004). Cronin et al. (2006) observed increased abundance of invertebrates in the presence of
macrophytes probably due to the habitat and surfaces they provided. Higher grazing pressures are
exerted by zooplankton (filter feeders) within compared to outside plant beds (Sondergaard and Moss
1998, van den Berg et al. 1998) thus controlling phytoplankton populations (Scheffer 2004). Loss of
vegetation and large-bodied zooplankton results in increased phytoplankton biomass especially when
nutrient levels are high (Scheffer 2004). Increased turbidity contributes to further loss of vegetation due
to light limitations (Scheffer 2004). In the absence of vegetation, the turbid state is exacerbated due to
increased phytoplankton biomass and sediment resuspension by wave action and benthivorous fish
(Scheffer 2004). Nutrients released from the sediment and resuspended sediment particles contribute to
increased turbidity (Scheffer 2004). Thus, the loss of aquatic vegetation causes a cascade of negative
ecological effects in which the water quality and habitat for plants and animals are adversely affected.

Shallow lakes can switch from a clear, vegetation-dominated regime to a turbid phytoplankton-
dominated regime and back again (Zimmer et al. 2009). These shifts can occur over a short period of
time (within 1 year) or during longer transitions (several years) (Bayley et al. 2007). The mechanisms
responsible for these shifts are not understood. The switch from a macrophyte-dominated to a turbid
regime in shallow lakes may be due to increased and continuous nutrient loading (Scheffer and Jeppesen
1998). Scheffer and Jeppesen (1998) indicated that several mechanisms may be responsible for
vegetation collapse and the shift from macrophyte-dominated to turbid regimes such as the introduction of
carp, herbivory, herbicide applications, violent storms, and increased water levels. Blindow et al. (1998)
indicated that fluctuations in both water levels and spring temperatures may contribute to mechanisms
involved in the transition from a clear-water to turbid regime in shallow lakes. Hupfer and Dollan (2003)
indicated that seasonal increased retention of P may support the switch to a vegetation-dominated, clear
lake.

1.5. Conceptual model — a synthesis
Plants influence nutrient concentrations directly via uptake, or indirectly by altering the

biogeochemistry of the sediment or water. Nutrient availability and the distribution of elements are
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influenced by pH and redox gradients created at the root surface in the substrate due to the presence of
plants or microbial activity (Figure 1.2). Root oxygen release, rhizosphere oxidation and subsequent Fe
plaque formation have been observed in both emergent and submerged macrophyte species. Most
studies have indicated that rhizosphere oxidation and Fe plaque play a key role in the cycling of nutrients
in wet ecosystems. Microbial activity has been shown to play a role in the formation of Fe plaque and in
the availability of metals in the rhizosphere of emergent plants. However, literature on the role of
microbial activity in Fe plaque formation and element availability in submerged plants is lacking.

The role of the rhizosphere in the biogeochemistry of multiple elements is a crucial area of study
that is important in understanding the processes controlling their total and bioavailable concentrations in
wet ecosystems. Most rhizosphere studies have focused on dryland plants such as Brassica napus
(rape) (Kuchenbuch & Jungk 1982), Hordeum vulgare L. var. Dorirumugi (barley) (Youssef and Chino
1989b; Youssef & Chino 1991; Hagjberg and Sarensen 1993), Glycine max L. var. Haweye (soybean)
(Youssef & Chino 1991), Brassica napus L. cv. Sprinter (canola) (Wenzel et al. 2001), Triticum aestivum
L. (wheat) (Wang et al. 2001; Wang et al. 2002), and Lycopersicon esculentum L. (tomato) (Cornu et al.
2007). The few rhizosphere studies involving wetland plants have focused on rhizosphere oxidation, Fe
plaque or single element concentrations in the rhizosphere (Armstrong et al. 1992; Armstrong and
Armstrong 2001; Begg et al. 1994, Kirk and Bajita 1995; Otte et al. 1995; Doyle and Otte 1997; Jacob and
Otte 2004b), but none have investigated the distribution of multiple elements across the rhizosphere. The
research presented here introduces a novel approach to explaining metal mobility in the rhizosphere of
wetland plants, and may underpin the proposed theory of why many wetland plants display tolerance to
high concentrations of metals.

Most biogeochemical studies involving submerged macrophytes have focused on their impact on
nutrient cycles in particular N, P, and C (Barko and Smart 1980; Stephen et al. 1997; Hoagland et al.
2001; Horppila and Nurminen 2003; Rooney et al. 2003). Few studies have focused on the effects of
submerged plants on concentrations of other elements in the sediment or water (Brix and Lyngby 1983;
Jackson et al. 1994; St-Cyr et al. 1994, Mi et al. 2008). This study will determine the biogeochemical
effects of emergent and submerged plants by examining pH, redox potential and the distribution of

multiple elements in the root zone compared to bulk zone. This research is important because it will
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increase our knowledge of the role of wetland vegetation in the biogeochemical cycling of elements in wet
ecosystems. This research will also increase our knowledge of ecosystem dynamics and gather valuable

information for the management of wetlands.

BIOGEOCHEMISTRY OF WET ECOSYSTEMS

Microbes Microbes?

PLANTS

EMERGENT SUBMERGED

Hydrology Turbidity

Nutrient/element Nutrient/element
exchange exchange
WATER
e  Multi-element concentrations

Nutrient/element

Fe-plaque Fe-plaque

exchange
Organic matter Organic matter
( )
SEDIMENT
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e  Multi-element concentrations?

. J

Figure 1.2. Conceptual diagram of the influences of submerged and emergent plants on the sediments
and water as reported in the literature (rectangles indicate components in wet ecosystems, ovals indicate
influencing factors, question mark indicates gaps or uncertainty in the literature).
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1.6. Objectives of this research

The main objectives of my research were to examine the differences in element concentrations in
1) the root zone soil of wetland plants under different moisture conditions, and 2) waters and sediments of
shallow lakes of varying plant abundance and turbidity. | also aimed to identify the important factors that
influenced the distribution of elements in the root zone of wetland plants and in the waters and sediments
of shallow lakes.

The following hypotheses were proposed for the root zone studies:
e Elements accumulate in the root zone more under flooded (reduced) compared to non-flooded

(oxidized) conditions.

e This accumulation of elements in the root zone leads to greater exposure and uptake of these
elements by wetland plants.

The following hypotheses were proposed for the shallow lakes study:

¢ High plant abundance in shallow lakes will coincide with low turbidities.

e Low plant abundance will be associated with high multi-element concentrations in the water and
sediment.

e Lakes with high multi-element concentrations will be associated with agriculture-dominated
watersheds.

Root zone studies were carried out in the greenhouse using the wetland plants Typha angustifolia
and Rumex crispus to determine differences in element concentrations in the root and bulk zone of
flooded and non-flooded soil. These species were chosen because of their ability to grow well in a wide
range of moisture conditions from very wet to somewhat dry. A third rhizosphere experiment was carried
out to determine if similar patterns of element accumulation in the root zone occurred under field
conditions using Triglochin maritima from soils of varying moisture content. Most root zone studies
carried out by other researchers used dryland plants such as Brassica napus, Hordeum vulgare L. var.
Dorirumugi (Kuchenbuch and Jungk 1982; Youssef and Chino 1989b), Glycine max L. var. Haweye,
Hordeum vulgare L. var. Dorirumugi (Youssef and Chino 1991), Triticum aestivum L. (Wang et al. 2001,

2002), and the wetland plant Oryza sativa L. (Begg et al. 1994; Kirk and Bajita 1995). Neither of these
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studies compared element concentrations across the rhizosphere under flooded and non-flooded
conditions and this is what my root zone studies intended to accomplish.

The shallow lake studies involved 44 shallow lakes in Minnesota from which | gathered data on
the water and sediment chemistry, and the macrophyte abundance and community composition. This
study was carried out to determine 1) whether or not different landscape variables (e.g. lake watershed
area, open water area, percent agriculture, percent woodland) were associated with macrophyte
abundance and community composition, and water and sediment chemistry of shallow lakes and; 2) if
macrophyte community composition was related to the water and sediment chemistry of the shallow
lakes. Previous studies have focused mostly on the cycling of phosphorus in these systems (Barko and
Smart 1980; Stephen et al. 1997; Hoagland et al. 2001) while few studies have focused on other
elements such as Al, Cd, Cr, Cu, Fe, Mn, Ni and Zn (Jackson et al. 1994; St-Cyr et al. 1994; Mi et al.
2008). My study examined the concentrations, in both water and sediments, of multiple elements such as
As, Ba, Ca, Cs, Dy, Nd, Ni, Mg, Mn, Na, S, Sc, Sm, Sr, V, Y, Zn, and Zr and their relationships with
macrophyte abundance and landscape variables.

1.7. Dissertation outline

The first chapter consists of a general introduction which reviews the relevant literature. The
following four chapters include the methods and results of my greenhouse and field studies. The
concluding chapter includes the general discussion and final conclusions associated with my findings.
Section 1 — root zone studies

o Chapter 2 — Multi-element accumulation near Rumex crispus roots under wetland and

dryland conditions (published in Environmental Pollution (2010) 158: 1834-1841).

This greenhouse study examined the differences in soil redox status, pH and multi-element

concentrations of soil in the vicinity of plant roots (rhizosphere/root zone) to the soil furthest from

the influence of plant roots (bulk zone) in both flooded and non-flooded soil under Rumex crispus
plants. The possible mechanisms for these differences were discussed.

o Chapter 3 — Typha angustifolia is exposed to multiple elements under wetland versus
dryland conditions (published in Environmental and Experimental Botany (2011) 72: 232-

241).
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This greenhouse study examined the differences in redox potential, pH and multi-element
concentrations of soil from the root zone to the bulk zone below Typha angustifolia under flooded
and non-flooded conditions. The possible mechanisms for these differences were discussed.

e Chapter 4 — Multi-element accumulation in soils along a moisture gradient associated with
the salt marsh plant Triglochin maritima.
This study was conducted in the field at Kellys Slough, North Dakota to determine differences in
multi-element concentrations in root and bulk zone soils of varying moisture content below
Triglochin maritima. The possible mechanisms for my findings were discussed.

Section 2 — shallow lake studies

e Chapter 5 — Shallow lakes: variations in aquatic vegetation and biogeochemistry.
This study was carried out on 44 shallow lakes in Minnesota to determine 1) if the composition of
macrophyte communities is related to lake turbidity and multi-element concentrations of the water
and sediment and, 2) if predominant land use of the lake watershed was related to the

macrophyte community composition, water and sediment chemistry.
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SECTION 1 - ROOT ZONE STUDIES
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CHAPTER 2. MULTI-ELEMENT ACCUMULATION NEAR RUMEX CRISPUS ROOTS UNDER
WETLAND AND DRYLAND CONDITIONS'

2.1. Abstract

Rumex crispus was grown under wet and dry conditions in two-chamber columns such that the
roots were confined to one chamber by a 21 uym nylon mesh, thus creating a soil-root interface
(‘rhizoplane’). Element concentrations at 3 mm intervals below the ‘rhizoplane’ were measured. The
hypothesis was that metals accumulate near plant roots more under wetland than dryland conditions.
Patterns in element distribution were different between the treatments. Under dryland conditions Al, Ba,
Cu, Cr, Fe, K, La, Mg, Na, Sr, V, Y and Zn accumulated in soil closest to the roots, above the ‘rhizoplane’,
only. Under wetland conditions Al, Fe, Cr, K, V and Zn accumulated above as well as 3 mm below the
‘rhizoplane’ whereas La, Sr and Y accumulated 3 mm below the ‘rhizoplane’ only. Plants on average
produced 1.5 times more biomass and element uptake was 2.5 times greater under wetland compared to
dryland conditions.
2.2, Introduction

In contrast to ‘dryland’ plants, many wetland plants display constitutive tolerance to elevated
metal concentrations in the soil, meaning that they are tolerant to metals regardless of the metal
concentrations at their location of origin (McNaughton et al. 1974; Ye et al. 1997a; McCabe et al. 2001;
Matthews et al. 2004). Otte and co-workers (McCabe et al. 2001; Otte et al. 2004) suggested that the
development of metal tolerance in wetland plants may be attributed to the biogeochemistry of wetland
substrates. They proposed that the formation of Fe plaque deposits in the vicinity of wetland plant roots
contributes to higher metal mobility and thus greater metal accumulation near plant roots. As a
consequence wetland plants have been exposed to higher concentrations than dryland plants over the
course of evolution, which favored selection for constitutive metal tolerance.

The bioavailability and mobility of chemical elements are influenced by changes in soil properties

surrounding living plant roots including pH, organic content, cation exchange capacity, redox potential

' The material in this chapter was co-authored by La Toya Kissoon, Donna Jacob and Marinus Otte
(published in Environmental Pollution 158: 1834-1841). La Toya Kissoon had the primary responsibility
for the experimental design and collection and analysis of samples in the greenhouse experiments.

La Toya Kissoon was the primary developer of the conclusions, drafted, and revised all versions of this
chapter. Donna Jacob and Marinus Otte provided guidance, comments, and suggestions, and served as
proofreaders.
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(Eh), moisture status and temperature (Davies 1994; Alloway 1995; Jacob and Otte 2003). Plant roots
influence the environment directly adjacent to them in order to obtain access to nutrients, in particular the
essential macro- and micro-nutrients (Marschner et al. 1986; Mehra and Farago 1994; Jungk 2002;
Neumann and Romheld 2002; Inderjit and Weston 2003). Wetland plants can modify redox conditions,
pH and organic matter of the soil or sediment and thus affect the mobility (Wright and Otte 1999) and
chemical speciation of metals in waterlogged environments (Jacob and Otte 2003). Knowledge of the
biogeochemistry of metals and the processes affecting their mobility and trophic transfer is important, (1)
because of their potential ecotoxicological effects, (2) because recent research has shown that less-
studied elements such as the rare earth elements may be beneficial to plant growth (Chang 1991; Hong
2002), and (3) because the increasing demand for less-studied metals, such as the rare earth elements,
for development of new technologies and their subsequent potential environmental impacts.

Hinsinger and Courchesne (2008) emphasize that rhizosphere studies play a key role in research
on the biogeochemistry of elements. Most rhizosphere studies have used dryland plants such as
Brassica napus (rape) (Kuchenbuch and Jungk 1982), Hordeum vulgare L. var. Dorirumugi (barley)
(Youssef and Chino 1989b; Youssef and Chino 1991) and Glycine max (soybean) (Youssef and Chino
1991). The few studies using wetland plants include Oryza sativa L. (rice) (Begg et al. 1994; Kirk and
Bajita 1995), Halimione portulacoides (sea purslane), Spartina townsendii (cord grass) (Doyle and Otte
1997), Spartina anglica (common cordgrass) (Otte et al. 1995) and T. /atifolia (narrow leaf cattail) (Jacob
and Otte 2004b). But none of these studies have compared element concentrations across the
rhizosphere under flooded (wetland) and non-flooded (dryland) conditions. The aim of this study was to
investigate the hypothesis that metals accumulate in the direction of plant roots in flooded soil more than
in non-flooded soil and that this would lead to greater uptake of those metals in plants.

2.3. Materials and methods
2.3.1. Seed collection and soil preparation

Mature Rumex crispus fruits were collected in West Fargo, North Dakota (N 46° 52’ 30.7”, W 96°
58’ 08.7”) in October, 2006, and stored at 5 °C (Baskin and Baskin 1978) for 5 months. The seeds were
washed in distilled water after sepal removal and germinated on moistened sterile sand for 2 weeks in an

incubator (14 hour photoperiod, 25 °C). The seedlings were planted in 5 cm potting soil (Sun Gro
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Sunshine LG3 germinating mix with vermiculite) and allowed to develop roots for about 6 weeks in a
greenhouse (16 hour photoperiod, 3.03 log lumen m? (mean day time), 20-30 °C).

Local farmland soil was obtained from near Casselton in Cass County, North Dakota (N 46° 50’
51.4”, W 97° 09’ 20.0”, 280 m). This soil was selected because it was more representative of natural
conditions compared to substrates such as potting soil or sand. The soil was determined to be silty clay
with 4.1% organic matter, bulk density of 1.04 g cm™ and particle size 5.8% sand, 47.9% silt and 46.3%
clay (North Dakota State University Soil Testing Lab). The soil was oven-dried (60 °C) to constant
weight, crushed and passed through a 2 mm screen. The soil was amended with sterile sand (Quikrete
Premium Play Sand) at a ratio of 3:1 soil to sand (by weight) to aid root penetration in the clay-rich soil.
2.3.2. Column apparatus assembly

The columns consisted of 2 sections of soil which were separated by 21 ym nylon mesh (Nylon
21/17, Miami Aqua-culture, and Inc.). The mesh restricted root growth to the upper section of the column
while allowing diffusion of nutrients and water throughout the soil. The mesh was considered the
rhizoplane because it separated the roots from the soil in the lower section of the column. This design
enabled soil sampling in two different regions of the soil column; 1) above the rhizoplane (upper section of
column) and 2) below the rhizoplane at distinct distances (lower section of column) (Figure 2.1).

The columns consisted of PVC pipe (9 cm diameter) cut into two sections measuring 10 cm
(lower section) and 6 cm (upper section). The mesh was attached to one end of the 6 cm section. The
two-chamber column was assembled by securing the 10 cm section to the 6 cm section with 5-cm wide
waterproof Duct Tape (Nashua® Tape) with the nylon mesh in between. Both sections were filled with
the prepared, homogenized soil/sand mixture, the lower section with 600 g to which 300 ml of distilled
water was added evenly and the upper section with 300 g to which 150 ml of distilled water was also
added evenly. To prevent soil loss from the column and still allow water movement, a 2 mm mesh was
secured to the bottom end. The lower section of the column was inverted, filled with soil and secured with
the 2 mm mesh before soil was added to the upper section to ensure contact between the bottom soil and
the rhizoplane. The seedlings were removed from the potting soil, washed gently with distilled water and

planted in the upper section of the column (1 seedling per column).

26
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3 mm intervals
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Lower Section (10 cm)

2 mm mesh fai N

9cm

Figure 2.1. Column Apparatus for Rumex crispus experiment showing column components on the left
and sampling locations on the right.
2.3.3. Soil flooding and monitoring moisture

This experiment was carried out in a greenhouse and the treatments arranged using complete
randomized design. The columns were placed into 2 L containers. The plants were allowed to establish
for two weeks prior to beginning the moisture treatments. The flooded treatment (n = 10) consisted of
adding distilled water to the containers such that the surface of the soil was below 5 mm of water. The
non-flooded treatment consisted of columns (n = 10) that received water as needed according to their
wilting point weights (see below).

Both treatments were monitored daily to determine when water addition was necessary.

Sterilized cotton wicks with one end in sealed bottles of distilled water and the other end inserted into the
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soil above the rhizoplane were used continuously to maintain saturation of the flooded treatment. The
same approach was used for the non-flooded treatment when water addition was necessary. The wicks
were inserted in the soil in the upper section of the column and spread between the rhizoplane and the
soil above the rhizoplane with any exposed portion of the wick wrapped securely with plastic. Water
levels for the flooded treatment were restored when necessary to the marked lines of the initial water level
(water was added to the larger container outside the column). The weights and plant height of the non-
flooded treatments were monitored daily to determine if they were within 1 g of the wilting point weight.
The wilting point had been determined previously by saturating the soil of four R. crispus plants growing
in columns and then allowing the soil to dry. The weights of the columns containing plant and soil when
the plant showed signs of wilting were determined. These weights were used to calculate an estimate of
the weight of a column containing wilted plant and soil. R. crispus plants grown for 8 weeks were
assessed for their height and weight which was used to obtain a linear equation with which to make
adjustments when calculating the soil weight in the columns.
2.3.4. Soil sampling — pH and redox potential measurements

After 13 weeks, soil samples were collected from columns selected in random order. Each
column was cut carefully to separate the upper and lower sections. The plant and soil in the upper
section of the column were removed and soil was shaken from the roots. The soil remaining on the roots
was collected and considered ‘above rhizoplane’ soil. The soil immediately below the nylon mesh
(rhizoplane) was sampled using 60 ml syringes with the tips removed so they became small soil corers
(2.5 cm diameter). The column was inverted and 3 syringes were inserted into the soil at the center,
away from the column edges. The soil was extruded from each syringe in 3 mm intervals, sliced carefully
and retained for analysis. Seven samples were collected from each syringe at 3, 6, 9, 12, 15, 18 and 21
mm intervals. Samples from the three syringes were pooled for each increment to obtain enough soil (at
least 3 g) for analysis. Immediately upon obtaining a sample, pH and Eh were measured using a VWR
Symphony SP90M5 Handheld Multimeter. Approximately 1 g of fresh soil sample was used to determine
the soil pH in a 1:2 soil:water ratio (Gavlak et al. 2003). A soil paste (about 500 mg fresh soil sample and

3 ml water) was used to measure the Eh (Patrick et al. 1996).
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2.3.5. Ferrous iron (Fe2+) concentration and multi-element analysis of soil and plants

Fe®* concentration was determined using a method modified from Roden and Wetzel (1996).
Fe®* standards were prepared from a stock solution containing 100 mg L’ FeSO,4(NH,4)>S0,4-6H,0 in 1%
(v/v) 6 M HCI. A fresh soil sample of known weight (about 0.5 g), was immediately transferred to 5 ml of
0.5 M HCI and extraction allowed overnight. The extraction was then filtered (0.45 um pressure filter, Pall
Corporation Supor®-450), diluted (flooded samples — 1:40 dilution, non-flooded samples — 1:10 dilution)
and 0.25 ml of the diluted sample or of standard was added to 1.25 ml of FerroZine solution (1% wt/wt
FerroZine in 50 mM HEPES buffer). After about 5 minutes, the absorbance was measured using a Helios
Gamma UV-Vis Spectrophotometer at A=562.

The remaining soil was oven-dried (60 °C) until constant weight, crushed using mortar and pestle
and homogenized. The samples were then analyzed for multiple elements (37 elements) via Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) by a commercial laboratory (Activation
Laboratories, Ltd, Analysis by Aqua Regia Extraction with ICP/OES finish). Method detection limits in mg
kg’1 were as follows; Ag 0.2; Al 100; As 2; B 10; Ba 10; Be 0.5; Bi 2; Ca 100; Cd 0.5;Co 1;Cr 1;
Cu 1;Fe 100; Ga 10; Hg 1; K 100; La 10; Mg 100; Mn 5; Mo 1; Na 10; Ni 6; P 10; Pb 7; S 100;
Sb 2;Sc 1;Sr 1;Te 1;Ti 100; TI 2; U 10;V 1; W 10;Y 1;Zn 2 and Zr 1 (Accredited Laboratory;
ISO/IEC 17025:2005).

The plants were washed gently in distilled water, separated into aboveground and belowground
material, oven-dried (60 °C) until constant weight, crushed and homogenized. A known amount of this
plant material (approximately 250 mg) was digested in 5 ml HNO3; and 5 ml distilled water in a MARS
Xpress Microwave Digester (1600W, 100% Power, ramped to 200 °C). The digested samples were
cooled and analyzed in our laboratory for multiple elements with a Spectro Genesis Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES) with Crossflow nebulizer, Side-On-Plasma (SOP). A
continuing control verification (CCV) was done after every 10 samples to check that variability was within
10% for Al and Ca while all other elements were monitored. These samples were also diluted (1:100 in
5% HNO3) and analyzed for the same 32 elements using the ICP-OES. Method detection limits in mg/kg

for these elements were as follows: Ag 0.03; Al 22; As 1; B 0.5; Ba 0.006; Be 0.005; Ca 0; Cd 0.13; Ce
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0.3; Co 0.14; Cr 0.1; Cu 0.1; Fe 0.1; K 0; Li 0.06; Mg 0.9; Mn 0.02; Mo 0.3; Na; 0.2; Ni 0.4; P 2; Pb 0.5; S
1.7; Sb 0.2; Si 0.07; Sn 1.4; Sr 0.06; Ti 0.02; T1 1.2; V 0.4; Zn 0.2; Zr 0.002.
2.3.6. Statistical analysis

Data for concentrations were log,, transformed before statistical analysis to obtain normal
distribution and homogeneity of variance. Significance of differences (probability) was determined by a
General Linear Model (two-way ANOVA, p<0.05) and Multiple Comparison tests by the Tukey Method
(p<0.01) using Minitab statistical software (Minitab® 15 ©2006 Minitab Inc.). Data for soil pH, Eh and
element concentrations were analyzed for the following significant differences: 1) between moisture
treatments regardless of sampling interval, 2) between sampling intervals regardless of moisture
treatment , 3) between moisture treatments for the equivalent sampling intervals, 4) between sampling
intervals of the flooded treatment, and 5) between sampling intervals of the non-flooded treatment. To
test for relationships between element concentrations, pH and Eh, Pearson correlations and P values
were calculated using Minitab. Here we consider only correlations with r =2 0.707, that is, those
correlations explaining 50% or more of the variation (McClave and Sincich, 2006).
2.4, Results
2.4.1 Soil

The results for pH, Eh and element concentrations in the soil focus on four sampling intervals;
above the rhizoplane (ARZ), the 3, 6 and 9-21 mm intervals. Within each moisture treatment,
concentrations at the sampling intervals 9, 12, 15, 18 and 21 mm were not significantly different from
each other for any of the elements and so were pooled for statistical comparisons.

2.4.1.1. Soil pH

There were significant differences in soil pH between moisture treatments and between sampling
intervals (Table 2.1). There were also significant interactions for pH between the moisture treatments and
the sampling intervals, indicating that patterns in pH across intervals were not the same in flooded
compared to non-flooded treatments. The soil pH was significantly higher in the non-flooded treatment
compared to the flooded treatment for all sampling intervals (Figure 2.2). For each moisture treatment

separately, the non-flooded soil showed no significant variations in pH above or below the rhizoplane but
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the flooded soil showed significantly lower pH above the rhizoplane compared to sampling intervals
below.

Table 2.1. Significance of differences (probability) in soil pH, Eh and element concentrations between the
moisture treatments (flooded and non-flooded) and between sampling intervals (above rhizoplane (ARZ),

3, 6 and 9-21 mm below rhizoplane) as determined by Two-Way ANOVA (NS indicates non-significance;

p<0.05, n =10).

Source of Variation

A. Moisture Treatments B. Sampling Intervals Interaction (A x B)
p-value
pH 0.000 0.000 0.001
Eh 0.000 0.000 0.000
Al 0.01 0.000 0.000
Ba 0.044 0.000 0.021
Cr 0.001 0.000 0.000
Cu 0.014 0.000 0.003
Fe 0.004 0.000 0.000
Fe** 0.000 0.000 0.000
K 0.002 0.000 0.000
La 0.005 0.000 0.020
Mg NS 0.000 0.001
Na 0.000 0.000 0.000
Sr 0.000 0.000 0.000
\ 0.003 0.000 0.000
Y 0.001 0.000 0.007
Zn 0.012 0.000 0.001
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Figure 2.2. Mean soil pH in the moisture treatments (flooded; non-flooded) for the different sampling
intervals (above rhizoplane (ARZ) and below rhizoplane) under Rumex crispus (RZ = rhizoplane, n = 10,
except for 9-21 mm interval; n = 50). Different letters within each moisture treatment indicates significant
variation between sampling intervals (ARZ, 3, 6 and 9-21 mm) at p<0.01. The results of the comparison
between moisture treatments for each interval appears to the right of the graph (the small black and white
shapes at the top right of the graph indicate this comparison (e.g. m:0 means filled squares compared to
open squares); + indicates significant differences and — indicates no significant differences between
moisture treatments, p<0.01).

2.4.1.2. Redox potential and Fe oxidation

Significant differences for Eh and Fe?* occurred between moisture treatments and between
sampling intervals (Table 2.1). There were also significant interactions for Eh and Fe®* between the
moisture treatments and the sampling intervals. Eh was significantly higher in the non-flooded treatment
compared to the flooded treatment for all sampling intervals except for the soil above the rhizoplane
(Figure 2.3). In the non-flooded treatment, the Eh above the rhizoplane was significantly lower than soil
9-21 mm below the rhizoplane. The flooded treatment showed significantly higher Eh above the

rhizoplane than the sampling intervals below the rhizoplane. For these intervals below the rhizoplane, the

soil Eh showed no significant differences.
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Figure 2.3. Mean Eh in the moisture treatments and statistical differences as in Figure 2.2.
Concentrations of Fe?* were significantly higher in the flooded treatment compared to the non-
flooded treatment for all the sampling intervals (Figure 2.4). The non-flooded treatment showed no
significant differences in the Fe®* concentrations between sampling intervals. However, in the flooded
treatment the Fe** concentrations were significantly lower above the rhizoplane than the sampling
intervals below the rhizoplane which did not vary significantly from each other. In the non-flooded
treatment, no precipitation of Fe-oxyhydroxide (reddish-brown precipitate) was observed anywhere in the
soil column. However, in the flooded treatment a reddish-brown precipitate was clearly visible on the

plant roots, rhizoplane and soil above the rhizoplane.
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Figure 2.4. Mean Fe and Fe*" concentrations (umol g dry soil) in the moisture treatments and statistical
differences as in Figure 2.2.

2.4.1.3. Multiple element analysis

Element concentrations were at or below detection limits for Ag, As, B, Be, Cd, Mo, Bi, Ga, Hg,
Pb, Sb, S, Sc, Te, Ti, Tl, U, W and Zr. A few other elements were easily detectable but showed no
significant variation — for these the mean element concentrations + standard deviation in ymol g'1 dry soil,
averaged for all samples were calculated, as follows: Ca (465+38), Co (0.21£0.02), Mn (13.1+2.8), Ni
(0.6£0.1), and P (14.1£1.5). These elements will not be discussed further.

Significant variation was observed for Al, Ba, Cr, Cu, Fe, K, La, Mg, Na, Sr, V, Y and Zn
concentrations between sampling intervals and (except for Mg) between moisture treatments (Table 2.1).
In addition, significant interactions were found between the moisture treatments and sampling intervals.
The non-flooded compared to the flooded treatment had significantly higher Al, Cr, Cu, K, Sr, Vand Y

concentrations above the rhizoplane and significantly higher Al, Cr, Fe, K, Sr, V and Zn concentrations at
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the 9-21 mm interval (Table 2.2). Na concentrations were significantly higher in the flooded compared to
the non-flooded treatment at the 3, 6 and 9-21 mm intervals.

In the non-flooded treatment, Al, Cr, Fe, K, La, Mg, Na, Sr, and V concentrations were
significantly higher above the rhizoplane than below the rhizoplane (Table 2.2, Figure 2.4 and Figure 2.5).
Concentrations of Ba, Cu, Y and Zn were significantly higher above the rhizoplane compared to the 6 and
9-21 mm interval. Na concentrations at the 9-21 mm interval were significantly lower than above the
rhizoplane but higher than the 3 mm interval.

The flooded treatment showed significantly higher concentrations of Al, Fe, K, and V above the
rhizoplane compared to the 6 mm and 9-21 mm intervals (Table 2.2, Figure 2.4). Above the rhizoplane
Cr concentrations were significantly higher than the 6 mm interval whereas Zn concentrations were
significantly higher than the 9-21 mm interval (Figure 2.5). Concentrations of Al, Fe, Cr, K, La, Sr, V and
Zn were significantly higher at the 3 mm interval than at the 6 mm interval. Ba, Mg and Na showed no
significant variation between intervals of the flooded treatment.

Correlation analysis of the data was carried out to ascertain possible underlying patterns
regardless of the treatments. Some elements that varied significantly between the sampling intervals for
the moisture treatments (Al, Cr, Fe, K, La, Sr, V, Y and Zn) correlated significantly with each other (Table
2.3). Ba correlated significantly with Al, Kand V. Fe?* correlated significantly with Eh and pH. Covariate
analysis showed Fe to be a significant covariate with other elements (Table 2.4).

2.4.2. Plants

In both treatments, R. crispus formed a dense mat of roots on the surface of the mesh, the
rhizoplane. Root growth in the flooded treatment was also densely distributed throughout the soil, but in
the non-flooded treatment the roots were not as widespread. Plant biomass (mean * standard deviation)
was significantly higher (p<0.001) for the flooded treatment (289+39 mg live aboveground biomass,
15691236 mg belowground biomass) compared to the non-flooded treatment (99+33 mg live
aboveground biomass, 1067+155 mg belowground biomass). Differences in dead aboveground biomass
(120+33 mg) were not significant between treatments. For the element analysis of the 32 elements in the
plant material, not all yielded results suitable for statistical analysis. Element concentrations in some

plant material were at or below the detection limits (Ag, As, Be, Cd, Ce, Co, Mo, Pb, Sb, Sn, Tl, V, Zr) or
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Figure 2.5. Mean Cu, Cr and Zn concentrations (umol g'1 dry soil) in the moisture treatments and
statistical differences as in Figure 2.2. Where there is a box containing a plus sign (+) to the right of a
point marking an interval in the non-flooded treatment indicates significant differences (p<0.01) between
that interval and the corresponding interval in the flooded treatment (no boxes indicate no significant
differences). The shaded regions of the graph represent zones of element accumulation.
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Table 2.2. Mean element concentrations (umol g'1 dry soil) in the moisture treatments for the different sampling intervals (mean * standard
deviation, n = 10, except for * n = 50, different letters within each moisture treatment indicates significant variation between sampling intervals at
p<0.01, significant differences between moisture treatments for equivalent intervals is marked by T before the significantly higher value for a
particular interval).

Element

Al

Ba

La

Mg

Na

Sr

Element concentrations

Flooded Non-Flooded

ARZ 3mm 6 mm *9-21 mm ARZ 3 mm 6 mm *9-21mm

922+36 a 954+76 a 79761 b 812451 71033465 x 867+53 'y  841+31 'y '858+50 vy
1.28+0.08 a  1.33+0.10 a 1.20#0.16 a  1.18%0.11 1474016 x  1.27#0.20 xy 1.2120.08 y  1.25+0.13 vy
10445 a 11148 a 9249 b 9547 19479 x 102¢71 y 982450 y ™01+64 vy
0.1740.02 ab 0.17+0.01 a 0.15+0.01 b  0.16+0.01 0.194#0.01 x  0.17¢0.01 y  0.16£0.01 y  0.1620.01 y
543+19 a 568+30 a 538+39 a 53734 587+40  x 537#18 'y 517+23 'y 538425 y
27.0+434 a 1252434 a '235+23 a 24.7+26 25714 x 165+1.8 y 19.1+23 yz 21.1+#21 z
0.50+0.02 ab 0.53+0.03 a 0.48+0.05 b  0.49+0.0 '0.56+0.05 x 0.51+0.02 y  0.50+0.02 y '0.51+0.02 y
1.93#0.06 a  1.99+0.12 a 1.70+0.15 b  1.75+0.12 2.14+0.10 x 1.85+0.11 y  1.79+0.07 y '1.85+0.09 y
0.14+0.01 ab 0.15+0.01 a 0.14+0.01 ab 0.13+0.01 70.16+0.01 x  0.15+0.01 xy 0.14#0.01 y 0.14+0.01 y




Table 2.3. Pearson correlations for pH, Eh and element concentrations in soil below Rumex crispus.
Correlations with r=0.707 (that explain 50% or more of variation) are shown (p<0.001).

Al Cr Fe Fe* K La Sr % Y
pH -0.726
Eh -0.964
Ba 0.715 0.722 0.772
Cr 0.900
Fe 0.883  0.828
K 0966  0.907  0.900
La 0766  0.705  0.738 0.762
Sr 0.861 0.841 0.812 0.886  0.727
Y% 0935 0915  0.907 0952 0745  0.840
Y 0832 0783  0.795 0830 0786 0796  0.794
Zn 0.901 0.837  0.846 0888 0734 0788  0.859  0.864

Table 2.4. Analysis of covariance for element concentrations with moisture treatments, sampling intervals
and interaction between the two as fixed variables and Fe as a covariate (NS indicates non-significance;
p<0.05).

Source of Variation

Element Fe (covariate)  A. Moisture Treatments  B. Sampling Intervals  Interaction (A x B)
p-value
Al 0.000 NS 0.000 0.007
Ba 0.000 NS NS NS
Cr 0.000 NS 0.002 0.046
Cu 0.000 NS NS 0.035
K 0.000 NS 0.004 0.050
La 0.000 NS NS NS
Mg 0.000 NS NS 0.014
Na 0.000 0.000 0.000 0.001
Sr 0.000 0.031 NS 0.008
\ 0.000 NS 0.000 0.018
Y 0.000 NS 0.000 NS
Zn 0.000 NS 0.000 NS

38



Table 2.5. Mean element concentration of shoot and root (umol g'1) and mean element content of whole plant (umol plant'1) for the different
moisture treatments (mean + standard deviation, n = 10, different letters within each plant compartment indicates significant variation between
moisture treatments at p<0.05).

6€

Shoot Root Whole Plant

Flooded Non-Flooded Flooded Non-Flooded Flooded Non-Flooded
Al 1218 a 30114 b 95452 d 54118 d 157492 x 63125 y
B 40+06 a 58+1.6 a 1.310.2 d 1.6+11 d 3.2¢0.5 x 23t1.0 vy
Ba 0.4210.05 a 0.5410.14 a 0.4+01 d 0.3t0.1 d 0.7¢0.2 x 0.3t0.1 vy
Ca 715279 a 530+126 b 219+28 d 220+84 d 551+92 x 28378 vy
Cu 0.2+0.02 a 0.2+0.04 a 0.2£0.03 d 0.1£0.03 e 0.3510.06 x 0.15£0.02 y
Fe 412 a 1014 b 53120 d 28435 e 85+36  x 29429 y
K 533x71 a 41675 b 336155 d 23625 e 6791124 x 292+42 y
Li 0.7¢0.3 a 1.0£0.4 a 04+02 d 0.4+0.3 d 0.9+0.3 x 0.5£0.3 vy
Mg 432+39 a 463102 a 125¢20 d 164+81 d 323166 x 21978

Mn 5.6+14 a 0.6£0.1 b 6.2¢33 d 0.8£1.1 e 11£5.8 X 0.8+0.9
Na 113£72 a 233+173 a 58+7.6 d 45+43 d 121£21 X 7144

Ni 0.07+0.03 a 0.08+0.07 a 0.13+0.09 d 0.08+0.05 d 0.2£¢0.1 «x 0.09+0.06

S 92433 a 114+£57 a 46+4.3 d 45+10 d 98+14 X 60+14
Si 5949 a 84118 b 9415 d 80+18 d 167+38 X 95+30
Sr 0.7¢0.1 a 0.6£0.1 a 0.40+0.03 d 0.37+0.05 d 0.82+0.09 x 0.46+0.06

y
y
y
y
P 98+16 a 64122 b 67+6.6 d 72+15 d 133220 x 8320 y
y
y
y
Ti 0.2£#0.1 a 0.4+0.1 a 12206 d 1.0+1.2 d 2.0+1.1  x 1.1+20.97 vy




showed no significant variation. For the latter, the mean element concentrations + standard deviation in
pmol g'1 aboveground or belowground tissue, averaged for all samples were as follows; Cr (0.03+£0.01
umol g™ aboveground, 0.08+0.07 umol g belowground), Zn (0.5+0.2 pmol g™ aboveground, 0.4+0.2 pmol
g'1 belowground). The flooded treatment had higher concentrations of Ca, K, Mn and P per gram of
aboveground tissue and higher concentrations of Cu, Fe, K and Mn per gram of belowground tissue
compared to the non-flooded treatment (Table 2.5). The non-flooded treatment had higher
concentrations of Al, Fe and Si concentrations per gram of aboveground tissue compared to the flooded
treatment. The plants of the flooded treatment showed significantly higher element content of Al, B, Ba,
Ca, Cu, Fe, K, Li, Mg, Mn, Na, Ni, P, S, Si, Sr and Ti compared to plants of the non-flooded treatment.
2.5. Discussion

Despite significant differences in leaf and root biomass, both flooded and non-flooded plants
formed a dense mat of roots covering a similar surface area at the rhizoplane. Surface area plays an
important role in the transport of materials and plants usually increase root surface area to volume ratios
to facilitate efficient nutrient uptake (Jungk 2002). However, by forcing the plant roots to grow along the
mesh in this experiment, it was ensured that the effective surface area was similar in both the flooded and
non-flooded treatments.

Some studies have shown that living plant roots have the ability to influence the soil chemistry
(Youssef and Chino 1989b; Kirk and Bajita 1995; Wright and Otte 1999; Neumann and R6mheld 2002;
Jacob and Otte 2003; Hinsinger and Courchesne 2008). This study assumes that observed changes in
the soil chemistry are plant-induced in addition to the activity of microbes and inorganic processes in the
soil (Neumann and Ré6mheld 2002). Soil pH in the vicinity of roots can be influenced by nutrient
availability, uptake ratio of anions and cations (Tinker and Nye 2000; Gerendas and Ratcliffe 2002;
Neumann and Rémheld 2002), iron oxidation (Begg et al. 1994; Kirk and Bajita 1995; Tinker and Nye
2000), soil moisture and aeration, CO, production by roots (Neumann and Rdmheld 2002) and by root
exudation (Begg et al. 1994; Neumann and Rémheld 2002). The difference in pH between moisture
treatments may be due to differences in CO, dissolution in response to flooding (Ponnaperuma 1972). In
turn, changes in soil pH influence the mobility, solubility and availability of micronutrients (Youssef and

Chino 1991; Mendelssohn 1993; Kirk and Bajita 1995; Luo et al. 2000; Jacob and Otte 2003).
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Acidification associated with low pH enhances the plant’s ability to accumulate metals near the roots (Kirk
and Bajita 1995; van der Welle et al. 2007). In the flooded treatment in the study reported here the
change in pH near the roots was observed in the same zone of change in element concentrations
(between the soil above the rhizoplane and the 6 mm interval). However, soil pH did not significantly
correlate with element concentrations observed in the soil, probably because the range of pH overall was
narrow. Youssef and Chino (1989a) observed small changes in soils of similar pH (8.4) which was
attributed to a high buffering capacity (Tao et al. 2004). Our observations are consistent with typical pH
ranges (7.4-8.4) reported by the USDA for the soil used in this study (Fargo-Hegne) (Soil Survey Staff
2008).

The Eh of the non-flooded treatment indicated that the soil was oxidized throughout the soil
column whereas in the flooded treatment the soil was reduced except for above the rhizoplane, which
was as oxidized as the non-flooded treatment. In anaerobic, chemically reduced environments, Eh tends
to increase towards plant roots due to radial oxygen loss (ROL) and oxidation of ferrous iron (Flessa and
Fischer 1992; Davies 1994). This in turn can lead to an influx of metals that have an affinity for Fe plaque
(Otte et al. 1995) in the direction of plant roots and subsequent accumulation in the rhizosphere (Wright
and Otte 1999; Jacob and Otte, 2003).

With the exception of Ba, Fe was a significant covariate with the elements that showed variation
in the soil columns (i.e. Al, Cr, K, La, Sr, V, Y and Zn). This suggests an important role of Fe in the
underlying mechanisms of mobility of elements in the soil - Fe colloidal oxides are known to act as
carriers of other metals (Shuman 2005). Movement of iron as Fe(ll) from the reduced soil layer to the
oxidized soil above the rhizoplane most likely followed a concentration gradient caused by changes in Eh
(De Laune et al. 1981; Neumann and Rémheld 2002; van der Welle et al. 2007), while other elements
behaved similarly because they are redox sensitive (Kirk 2004) and/or they have a high affinity to co-
precipitate or form complexes with secondary minerals of Fe (Mathys 1980; Otte et al. 1991; Kabata-
Pendias and Pendias 2001; Kirk 2004). In contrast, Ba has chemical properties similar to Ca and Sr
(Suarez 1996) and is usually associated with K in geochemical processes (Kabata-Pendias and Pendias
2001). It typically has no strong geochemical relationship with Fe and so does not follow a similar

pattern. Al appears to be a dominant element in this clay-rich soil and it too correlated with other
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elements that showed variation in the soil columns (Ba, Cr, Fe, K, La, Sr, V, Y and Zn). This suggests
that these elements may also be associated with the colloidal surfaces of clay minerals in this soil or
hydrous oxides of Al (McBride 1994; Kabata-Pendias and Pendias 2001; Shuman 2005).

Patterns in Eh coincided with those of Fe®* concentrations in both treatments. The low and non-
variable Fe®* concentrations detected in the non-flooded treatment indicated that this soil was
homogeneously oxidized. In the flooded treatment the presence of high soluble iron (Fe2+) concentrations
below the rhizoplane is indicative of reducing conditions (Justin and Armstrong 1987). The Fe plaque is
visible evidence of oxidation in the vicinity of plant roots (Armstrong 1967). In the flooded treatment, low
Fe®* concentrations above the rhizoplane and high Fe®" concentrations below the rhizoplane showed that
the soil above the rhizoplane was oxidized compared to the soil below, implying an oxidized-reduced
boundary layer. This boundary layer of soil in the flooded treatment facilitates conditions for the oxidation
of Fe?* to Fe* (Mendelssohn 1993), resulting in decreased Fe®* concentrations (Otte et al. 1995) and Fe
oxide precipitation near plant roots (Mendelssohn 1993; Sadana and Claassen 1996).

Element concentrations in the non-flooded treatment may be expected to be similar throughout
the soil column (Youssef and Chino 1989b; Lorenz et al. 1997; McGrath et al. 1997; Luo et al. 2000;), but
this treatment showed element (Al, Ba, Cr, Cu, Fe, K, La, Mg, Na, Sr, Y, V and Zn) accumulation in the
soil near the roots, above the rhizoplane. This may have been due to the release of chelators, protons or
other exudates from roots and microbial activity (Marschner et al. 1986; Youssef and Chino 1989b; Zhang
et al. 1991; Parker et al. 2005). Another possible explanation may be transport of solutes to the roots via
mass flow exceeding uptake by plants, resulting in accumulation of elements near the roots (Hinsinger
and Courchesne 2008). The flooded treatment showed a different pattern of accumulation compared to
the non-flooded treatment. Higher element accumulations above the rhizoplane as well as at the 3 mm
interval below the rhizoplane compared to sampling intervals below were observed in the flooded
treatment. Higher metal concentrations in the rhizosphere of wetland plants were also observed by Otte
et al. (1991), Begg et al. (1994), Kirk and Bajita (1995), Otte et al. (1995), Doyle and Otte (1997) and
Wright and Otte (1999).

A possible explanation for why the concentrations in the zone above the rhizoplane were lower in

the flooded treatment compared to the non-flooded treatment is as follows. Fe plaque serves as a sink
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for metals accumulating around wetland plant roots (Howeler 1973; Armstrong 1978; Gambrell and
Patrick 1978; Taylor and Crowder 1983). Some studies have shown that Fe plaque does not necessarily
reduce metal uptake and may indeed enhance it (Otte et al. 1989; Ye et al. 1997b; Ye et al. 1998; Ye et
al. 2001; Liu et al. 2008). Zn and As become adsorbed to Fe plaque, but through root exudation can still
be made available for uptake by plants (Otte et al. 1989; Otte et al. 1991; Zhang et al. 1998; McCabe et
al. 2001). This may explain the lower concentrations of elements above the rhizoplane in the flooded
compared to the non-flooded treatment. Adsorption to Fe oxides at the rhizoplane as well as plant uptake
may have lowered the concentrations in the soil immediately surrounding the roots.

Concentrations of elements in plants are not good measures of element uptake, because
differences in biomass affect concentrations due to dilution effects. Small plants usually have higher
concentrations than large plants under otherwise comparable conditions (Ernst 1995). Element uptake in
plants can therefore only be accurately measured as the total amount of element per plant, particularly
when significant differences in biomass occur between the groups being compared. In this experiment,
plant growth was significantly affected by the treatments. Element uptake expressed as amount per plant
was higher under flooded conditions compared to non-flooded conditions.

It would be ideal if we were able to calculate a mass balance to show that the amounts of element
taken up in the plants explained the lower concentrations in the ‘above rhizoplane’ compartment of the
flooded treatment compared to the non-flooded treatment, or to quantify the zones of accumulation in
both treatments, but this is not possible with the experimental set-up used here. Soil analyzed as the
‘above rhizoplane’ soil was not a representative sample of that entire compartment, because it was taken
from soil adhering to the roots. Soil in that same compartment a few millimeters away from the roots was
not analyzed. It is therefore not possible to calculate the amount of element present in that compartment.
2.6. Conclusions

What this research has shown is (1) that patterns in element distribution in the soil as affected by
the roots vary significantly between wetland and dryland conditions, (2) that the zones of accumulation
differ in size between wetland and dryland conditions, and (3) that when the same plant species is grown
under wetland and dryland conditions, the plants grown under wetland conditions take up more element

per plant than those grown under dryland conditions.
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CHAPTER 3. MULTIPLE ELEMENTS IN TYPHA ANGUSTIFOLIA RHIZOSPHERE AND PLANTS:
WETLAND VERSUS DRYLAND?

3.1. Abstract

In a recent study, researchers found that multiple elements accumulated near the roots of Rumex
crispus more under wetland conditions and element uptake was significantly greater in the plants grown
under wetland compared to dryland conditions. The study reported here also found that elements
accumulated in the root zone (up to 3 mm beyond the rhizoplane) of Typha angustifolia grown under
wetland conditions. In comparison to the bulk zone, Be, Cu, Fe, Li, Sr and Zn accumulated more in the
root zone of the flooded treatment whereas Ni and Sr accumulated more in the root zone of the non-
flooded treatment. On average, T. angustifolia produced 4 times more biomass and element uptake was
2 to 27 times greater under wetland compared to dryland conditions.
3.2. Introduction

The mobility and bioavailability of elements in the rhizosphere is influenced by changes in the
chemical and physical properties of the soil. Researchers found that Rumex crispus had greater element
accumulations in the rhizosphere and took up more elements when grown under wetland compared to
dryland conditions (Kissoon et al., 2010). Redox potential and pH gradients were observed in their
wetland treatment and probably played a role in the mobility and uptake of elements in the rhizosphere.
Hinsinger and Courchesne (2008) reported that biogeochemical gradients such as element
concentrations, organic ligand concentrations, pH, pCO,, pO, and redox potential in proximity of plant
roots determine the mobility and bioavailability of elements at the soil-root interface. Chemical gradients
exist from the root surface to the bulk soil and are influenced by physical, chemical and biological
processes associated with living plant roots (Hinsinger and Courchesne, 2008). Determination of element

concentration gradients at the soil-root interface is important in the assessment of their bioavailability

% The material in this chapter was co-authored by La Toya Kissoon, Donna Jacob and Marinus Otte
(published in Environmental and Experimental Botany 72: 232-241). La Toya Kissoon had the primary
responsibility for the experimental design and collection and analysis of samples in the greenhouse
experiments. La Toya Kissoon was the primary developer of the conclusions, drafted, and revised all
versions of this chapter. Donna Jacob and Marinus Otte provided guidance, comments, and suggestions,
and served as proofreaders.
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which in turn helps estimate their uptake and potential adverse effects on the food chain (Hinsinger and
Courchesne, 2008).

Rhizosphere oxidation and subsequent Fe plaque formation has been shown to influence metal
concentrations in the rhizosphere of wetland plants. Kirk and Bajita (1995) observed zones of Zn
accumulation and depletion associated with the accumulation of Fe® and soil acidification in the
rhizosphere of lowland rice. Zn from highly insoluble fractions in the soil was released due to Fe
oxidation and then this Zn was readsorbed by Fe plaque and organic matter. Otte et al. (1995) found that
the binding of As and Zn with Fe plaque resulted in a decreasing concentration gradient of metals
towards plant roots. In studies comparing rhizosphere and bulk soil, the rhizosphere was found to have
higher concentrations of As, Fe and Zn (Otte et al., 1991; Otte et al., 1995; Doyle and Otte, 1997; Wright
and Otte, 1999) and in some cases lower concentrations of Fe (Otte et al., 1995). Accumulation of Fe
and As was probably due to oxidation processes in the rhizosphere (Otte et al., 1991). In studies
comparing vegetated and non-vegetated flooded sediments, the vegetated sediments had higher
concentrations of Zn (Jacob and Otte, 2004a; Choi et al., 2006), As and Fe (Doyle and Otte, 1997). The
presence of living plant roots appears to enhance metal mobility by inducing the oxidation of the
sediments and metal sulfides (Jacob and Otte, 2004a).

An oxidized rhizosphere and the presence of Fe plaque on plant roots has also been shown to
influence metal uptake by plants (Mitsui, 1965; Otte et al., 1989; Otte et al., 1991; Ye et al., 1997b; Ye et
al., 1998). Armstrong (1978) and Gambrell and Patrick (1978) suggested that the formation of Fe plaque
on roots served as a sink for metals and was consequently a hindrance to nutrient uptake by wetland
plants. Iron plaque accumulation in the rhizosphere appears to be a secondary source of metals to
wetland plants and not a physical barrier. This occurs because plants have the ability to remobilize
metals that become adsorbed onto Fe plague and make them available for uptake by acidification of the
rhizosphere (Kirk and Bajita, 1995), releasing reducing agents, enzymes (Jungk, 2002) chelates or
protons (Otte et al., 2004) from their roots. Several studies have suggested that metals are not
permanently immobilized by Fe plaque but may still be available for uptake by the plant (Otte et al., 1989;
Ye et al., 1997b; Ye et al., 1998). These studies observed that plants with Fe plaque present took up

more metals than plants without Fe plaque. Because metals adsorb to Fe plaque and may still be
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available for uptake, McCabe et al. (2001) and Otte et al. (2004) suggested that wetland roots may be
exposed to relatively higher levels of metals which in turn may have led to the development of metal
tolerance in wetland plants.

Most rhizosphere studies have focused on dryland plants. These include, for example, Brassica
napus (rape) (Kuchenbuch and Jungk 1982), Hordeum vulgare L. var. Dorirumugi (barley) (Youssef and
Chino, 1989b; Youssef and Chino, 1991; Hagjberg and Sarensen, 1993), Glycine max L. var. Haweye
(soybean) (Youssef and Chino 1991), Brassica napus L. cv. Sprinter (canola) (Wenzel et al., 2001),
Triticum aestivum L. (wheat) (Wang et al., 2001; Wang et al., 2002), and Lycopersicon esculentum L.
(tomato) (Cornu et al., 2007). Most rhizosphere studies involving wetland plants have focused on
rhizosphere oxidation, Fe plaque or single element concentrations in the rhizosphere (Armstrong et al.,
1992; Begg et al., 1994; Kirk and Bajita, 1995; Otte et al., 1995; Doyle and Otte, 1997; Armstrong and
Armstrong, 2001; Jacob and Otte, 2004b) and one study has investigated the distribution of multiple
elements across the rhizosphere (Kissoon et al., 2010). Hinsinger and Courchesne (2008) stated that
studies involving rhizosphere biogeochemistry are important for understanding the mechanisms
controlling the mobility and bioavailability of trace elements.

In a previous study using Rumex crispus we found that elements accumulated in the vicinity of
the roots more under wetland than dryland conditions and there was greater uptake of these elements. In
the present study we aimed to determine if element accumulation in the rhizosphere and plant will also
occur in Typha angustifolia grown under wetland and dryland conditions. We hypothesized that Typha
angustifolia would have 1) greater accumulation of multiple elements in the rhizosphere and 2) greater
uptake of these elements under wetland compared to dryland conditions.

3.3. Materials and methods
3.3.1. Plant collection and soil preparation

Typha angustifolia was collected from the edge of a ditch in West Fargo, North Dakota (N 46° 53’
06.9” W 96°58’ 06.5”) in October 2006. Average rhizome lengths have been found to range from 14 — 40
cm (White and Ganf, 1998; Sharma et al., 2008). Plants were collected from a depth of approximately
20-30 cm in order to obtain adequate rhizome material. The plants were taken to the North Dakota State

University greenhouse facility and washed gently to remove excess soil. The plants were then planted in
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buckets containing moist potting soil (Sun Gro Sunshine LG3 germinating mix with vermiculite) to
establish stock plants (16 hour photoperiod, 2.97 log lumen m2 (mean daytime), 2619 °C). Cuttings of
young T. angustifolia of approximately the same size in terms of aboveground and belowground biomass
were taken from the stock plant collection to be used in this study (stock plant collection established over
41 week period).

Soil for this experiment was obtained from farmland near Casselton in Cass County, North
Dakota (N 46°50’ 51.4” W 97° 09’ 20.0” elevation 280 m) because it was more representative of natural
conditions compared to substrates such as potting soil or sand. The soil was determined a silty clay
Fargo-Hegne soil (Soil Survey Staff, 2008) with 4.1% organic matter, bulk density of 1.04 g cm™ and
particle size of 5.8% sand, 47.9% silt and 46.3% clay (North Dakota State University Soil Testing
Laboratory). The soil was air dried at room temperature (about 25 °C) until constant dry weight, crushed
and passed through a 2 mm screen. Because of the high clay content and to aid root penetration, the soil
was amended with sterile sand (Quikrete Premium Play Sand) at a ratio of 3:1 soil to sand by weight.
3.3.2. Column apparatus assembly

The columns used in this experiment contained two sections of soil which were separated by a 21
pum nylon mesh (Nylon 21/17, Miami Aqua-culture, Inc.), and designed based on a similar experiment
carried out previously using Rumex crispus (Kissoon et al., 2010). The mesh restricted root growth to the
upper chamber of the column and so was considered the rhizoplane. The diffusion of nutrients and water
was possible across the nylon mesh barrier due to its porous nature. This column design facilitated soil
sampling in the different compartments in the soil column 1) above the rhizoplane (upper section of the
column) and 2) at distinct distances below the rhizoplane (lower section of the column) (Figure 3.1).

The columns consisted of PVC pipe (15 cm diameter) cut into two sections both measuring 20
cm. The mesh was attached to one end of a 20 cm section. The two-chamber column was assembled
using caulk and 5-cm wide waterproof Duct Tape (Nashua® Tape) to secure the two 20 cm sections
together with the nylon mesh in between. The lower section of the column was filled with 3.77 kg of
prepared soil to which 1.34 L of distilled water was added evenly and the upper section of the column with
3.1 kg to which 500 ml of distilled water was also added evenly. To prevent soil loss from the column and

still allow water flow, a 2 mm fiberglass mesh was secured to the bottom end. To ensure contact between
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soil in the lower section of the column and the rhizoplane, the lower section of the column was inverted,
filled with soil and secured with the 2 mm mesh before soil was added to the upper section. The roots of
single T. angustifolia cuttings were washed gently with distilled water and planted in the top section of
each column. A total of 10 columns were prepared for the experiment. The Typha angustifolia cuttings
were distributed between the two treatments so that there was not a bias in the initial plant biomass.
Plant biomass (mean + standard deviation) was not significantly different for the treatments (p>0.05,

2.66+3.36 g non-flooded treatment, 2.70+2.87 g flooded treatment).

Column Assembly Sample Locations
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Figure 3.1. Column Apparatus for Typha angustifolia experiment showing column components on the left
and sampling components on the right.
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3.3.3. Soil flooding and monitoring moisture

This experiment was carried out in a greenhouse using Typha angustifolia grown in two moisture
treatments (non-flooded and flooded soil) in two-chamber columns that were arranged using a complete
randomized design. The columns were placed in 94 L cylindrical containers containing 500 g (2 cm)
sterile sand to capture drainage from columns. The containers were wrapped in black plastic to exclude
light and reduce algae growth. The plants were allowed to establish for 9 weeks before the start of the
experimental treatments. During this period they were watered twice a week by adding 500 ml of distilled
water to the bottom of the container. After this 9 week period, 5 columns of plants, the flooded treatment,
were flooded by adding equal volumes of distilled water to each container such that the surface of the soil
was below 3 cm of water. The water levels were marked on the inside of the container with water proof
tape for future reference, monitored daily and restored when necessary to the initial water level line.

The remaining 5 columns, the non-flooded treatment, received water as needed according to their
wilting point weights. The weights and plant height of the non-flooded treatments were monitored daily to
determine if they were below 1 kg of the wilting point weight. When water addition was necessary the
amount of water needed to bring the weight within 1kg of the wilting point was calculated and this water
was added to the bottom of the outer container. Wilting point was determined previously by saturating the
soil of five T. angustifolia plants growing in columns and then allowing the soil to dry. When the plants
showed signs of wilting, the weights of the columns containing plant and soil were determined. These
weights were used to calculate an estimate of the weight of a column containing wilted plant and soil.
Some plants similar in size to the plants used in the wilting point experiment were taken from the stock
collection and assessed for height and weight. Plant height was plotted against weight to obtain a linear
equation with which to make adjustments when calculating the soil weight in the columns.

3.3.4. Soil sampling — pH and redox potential measurements

After 42 weeks, soil samples were collected from the columns selected in random order. Each
column was cut carefully with a stainless steel hack saw to separate the upper and lower section. The
plant and soil in the upper section were removed from the column and soil shaken from the roots. The
soil still attached to the roots was collected and considered “above rhizoplane” soil. The lower section of

the column was inverted and soil was carefully removed from the column leaving the five centimeters of
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soil that was located immediately below the nylon mesh (rhizoplane). Following methods used by
Kissoon et al. (2010), this soil was sampled using 60 ml syringes with the tips removed (2.5 cm diameter).
Six syringes were inserted into the soil towards the center and away from the edges of the column. The
soil collected was extruded from each syringe in 3 mm increments, sliced carefully and retained for
analysis. Seven samples were collected from each syringe at 3, 6, 9, 12, 15, 18 and 21 mm increments.
From each increment, samples from each syringe were pooled to obtain enough soil (at least three
grams) for analysis.

Immediately upon obtaining a fresh soil sample, the pH was measured using a Corning pH Meter
430 and the redox potential (Eh) was measured using a VWR Symphony SP90M5 Handheld Multimeter.
The redox electrode was checked with two calibration solutions (pH 4 and pH 7 buffer solution
quinhydrone mixture). Eh measurements were taken by placing the redox electrode in a soil paste
(Patrick et al., 1996) made with approximately 500 mg of soil sample and 3 ml distilled water. The pH
electrode was calibrated using buffer solutions pH 4 and 10. The soil pH was measured using a 1:2
soil:water ratio recommended for soils within the pH range of 4-9 (Gavlak et al., 2003). Prior to this
experiment, equivalent soils were dried and the water content was calculated to estimate how much water
would be required for each sample to achieve the same moisture proportions for the different treatments.
The average water content of the two moisture treatments were: Non-Flooded - 23%; Flooded - 39%.
Based on this, approximately 1 g of fresh soil sample was placed in a clean test tube with 1.8 ml distilled
water if a non-flooded sample or with 1.6 ml distilled water if a flooded sample. The soil and water
mixtures were shaken vigorously and left to stand for about 10 minutes. The mixture was swirled
carefully and the electrodes were placed in the slurry and a reading was taken after the pH stabilized.
3.3.5. Ferrous iron (F62+) concentration and multi-element analysis of soil and plants

The ferrous iron concentration was determined using a modified method from Roden and Wetzel
(1996). Ferrous iron standards were prepared from a stock solution containing 100 mg L™
FeS04(NH4),S0O,4-6H,0 and 1% (v/v) 6 M HCI. Fresh soil samples of a known weight (approximately 0.5
g), were immediately transferred to test tubes containing 5 ml of 0.5 M HCI to minimize oxidation and fix
the Fe*" in the sample. The mixture was shaken vigorously and extraction was allowed for approximately

24 hours. For each of the flooded samples, 0.25 ml of extract was collected and placed in a test tube
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containing 9.75 ml distilled water (1:40 dilution). For each of the non-flooded samples, 0.5 ml of extract
was collected and placed in a test tube containing 4.5 ml distilled water (1:10 dilution). After each diluted
extract solution was shaken vigorously, 0.25 ml of sample or standard was added to 1.25 ml of FerroZine
solution. The color of the resulting solutions was allowed to develop for five minutes and the absorbance
was measured using a Helios Gamma UV-Vis Spectrophotometer at a wavelength of 562. A standard
curve was constructed and used to calculate the ferrous iron concentrations in each sample.

The remaining soil was weighed, oven-dried at 60 °C until constant weight, crushed using mortar
and pestle and homogenized. A known amount of this soil (approximately 500 mg) was digested in 10 ml
of HNO; in a MARS Xpress Microwave Digester (16 total vessels (XPRESS 55 ml PFA Venting Vessels),
1600W, 100% Power, ramped to 185 °C over 10 minutes and held at this temperature for 5 minutes).
The digested samples were cooled, filtered using Whatman® 1 filter paper and then analyzed for multiple
elements with Spectro Genesis Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)
with Crossflow nebulizer, Side-On-Plasma (SOP). This analysis used a four-point calibration using
individual or a combination of standards in a five percent HNO; matrix. A continuing control verification
(CCV) was done after every 10 samples to check that variability was within 10% for Al and Ca while all
other elements were monitored. These samples were also diluted (1:100 in 5% HNO3) and analyzed for
the same 32 elements using the ICP-OES. Method detection limits in mg/kg for these elements were as
follows: Ag 0.08; Al 4; As 0.2; B 0.2; Ba 0.002; Be 0.002; Ca 0; Cd 0.07; Ce 0.3; Co 0.1; Cr 0.08; Cu 0.03;
Fe 0.002; Hg 0.08; K 4.9; Li 0.04; Mg 0; Mn 0.01; Mo 1.9; Na 0; Ni 0.2; P 0.4; Pb 1; Sb 1; Si 0.2; Sn 0.3;
Sr0.005; Ti 0.02; Tl 1; V 0.4; Zn 0.03; and Zr 0.04.

The plants were washed gently in distilled water, separated into roots and shoots, oven-dried (60
°C) until constant weight, crushed and homogenized. Following methods used by Kissoon et al. (2010),
known amounts of plant material (approximately 250 mg) were digested in 5 ml HNO3; and 5 ml water
using a MARS Xpress Microwave Digester and then analyzed for 32 elements using a Spectro Genesis
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) with Crossflow nebulizer, Side-
On-Plasma (SOP). Method detection limits in mg/kg for these elements were as follows: Ag 0.03; Al 22;

As 1; B 0.5; Ba 0.006; Be 0.005; Ca 0; Cd 0.13; Ce 0.3; Co 0.14; Cr 0.1; Cu 0.1; Fe 0.1; K 0; Li 0.06; Mg
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0.9; Mn 0.02; Mo 0.3; Na; 0.2; Ni 0.4; P 2; Pb 0.5; S 1.7; Sb 0.2; Si 0.07; Sn 1.4; Sr 0.06; Ti 0.02; TI 1.2; V
0.4; Zn 0.2; Zr 0.002.
3.3.6. Statistical analysis

Statistical analysis of the data was carried out using Minitab statistical software (Minitab® 15
©2006 Minitab Inc.). Prior to statistical analysis, the concentration data were log4, transformed in order to
obtain normality and homogeneity of variance. Significance of differences (probability) was determined
using a General Linear Model (two-way ANOVA, p<0.05) and multiple comparison tests using the Tukey
Method (p<0.05). The data for soil pH, redox potential (Eh) and element concentrations were analyzed
for significant differences 1) between moisture treatments regardless of sampling interval, 2) between
sampling intervals regardless of moisture treatment, 3) between sampling intervals of the flooded
treatment, 4) between sampling intervals of the non-flooded treatment and 5) between moisture
treatments for each equivalent sampling interval. To test for relationships between element
concentrations, pH and Eh, Pearson correlations and P values were calculated using Minitab. Here we
consider only correlations with r 2 0.475, that is, those correlations explaining 22% or more of the
variation (p<0.001) (McClave and Sincich, 2006). Covariate analysis was carried out using soil Fe
concentrations as a covariate (p<0.05).
3.4. Results
3.4.1. Soil

The results reported here for soil pH, redox potentials and iron concentrations focus on three
sampling intervals; above the rhizoplane (ARZ), 3 mm and the 6-12 mm intervals below the rhizoplane.
Within each moisture treatment, the sampling intervals 6, 9, 12, 15, 18 and 21 mm were not significantly
different from each other and so the sampling intervals 6-12 mm were pooled for statistical comparisons.

3.4.1.1. Soil pH

Analysis of variance indicated significant variations in soil pH between moisture treatments but
not between sampling intervals. There were also significant interactions for soil pH between the moisture
treatments and between the sampling intervals indicating that patterns in pH across intervals were not the

same in the flooded compared to non-flooded treatments. The soil pH was significantly lower in the
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flooded treatment compared to the non-flooded treatment for the sampling intervals above and below the

rhizoplane (Figure 3.2).
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Figure 3.2. Mean soil pH in the moisture treatments (flooded; non-flooded) for the different sampling
intervals (above rhizoplane (ARZ) and below rhizoplane) under Typha angustifolia (RZ = rhizoplane, n =
5, except for 6-12 mm interval; n = 15). Different letters within each moisture treatment indicates
significant variation between sampling intervals (ARZ, 3, 6-12 mm) at p<0.01. The results of the
comparison between moisture treatments for each interval appear to the right of the graph (the small
black and white shapes at the top right of the graph indicate this comparison (e.g. m:o means filled
squares compared to open squares); + indicates significant differences and — indicates no significant
differences between moisture treatments, P < 0.01).

3.4.1.2. Redox Potential and Fe Oxidation

Significant variations for redox potential and Fe®* concentrations occurred between moisture
treatments and between sampling intervals. There were also significant interactions for redox potential
and Fe®* concentrations between the moisture treatments and the sampling intervals. The redox potential
of the non-flooded treatment was significantly higher than the flooded treatment for all the sampling

intervals (Figure 3.3). The non-flooded treatment showed no significant variation between the sampling

intervals. In the flooded treatment, the redox potential in the soil above the rhizoplane was significantly
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higher than all other sampling intervals. For these other intervals, the mean redox potential values
ranged from —75 to =79 mV and showed no significant differences.

The flooded treatment showed significantly higher Fe®" concentrations compared to the non-
flooded treatment for all the sampling intervals (Figure 3.4). The non-flooded treatment showed no
significant variation in Fe*" concentrations. In the flooded treatment, the Fe®* concentrations were
significantly lower above the rhizoplane compared to the sampling intervals below the rhizoplane which
were not significantly different from each other. The non-flooded treatment showed no precipitation of Fe-
oxyhydroxide (reddish-brown discoloration) anywhere in the soil column. However, in the flooded
treatment the reddish-brown discoloration of the Fe-oxyhydroxide precipitation was clearly visible on the

plant roots, on the rhizoplane and on the soil surrounding the roots.
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Figure 3.3. Mean Eh in the moisture treatments and statistical differences as in Figure 3.2.
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Figure 3.4. Mean Fe”" concentrations (umol g~ dry soil) in the moisture treatments and statistical
differences as in Figure 3.2.

3.4.1.3. Multiple element analysis

For the element analysis, 32 elements were measured, but not all yielded results suitable for
statistical analysis. For instance, element concentrations in some samples were at or below detection
limits for Ag, As, Cd, Hg, Mo, Pb, Sb, Si, Sn and TI, or showed lack of variation. For the latter, the mean
concentrations + standard deviation in yumol g'1 dry soil, averaged for all samples were as follows; Al
(829+126), B (1.40+0.18), Ba (1.06+0.18), Ca (359+55), Ce (0.23+0.02), Co (0.11£0.01), Cr (0.41£0.04),
K (141+14), Mg (295+17), Mn (7.58+1.35), P (9.10+0.57), Ti (1.08+0.29), V (0.70+0.09) and Zr
(0.18+0.02). These elements will not be discussed further. Preliminary statistical analysis showed the
element concentrations in the soil above the rhizoplane and 3 mm below the rhizoplane were not
statistically different and so these two intervals were pooled for statistical comparisons and considered

the root zone because of its proximity to the plant roots. The sampling intervals 6, 9, 12, 15, 18 and 21
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mm showed no significant variations and so only the sampling intervals 6, 9 and 12 were used for
statistical comparisons with the root zone. This area of the soil that is 6-12 mm below the rhizoplane was
considered the bulk zone.

Analysis of variance indicated significant differences for Fe, Na and Zn between moisture
treatments and for Be, Cu, Fe, Li, Ni, Sr and Zn between sampling intervals. There was also significant
interactions between moisture treatments and between sampling intervals for Zn. Sodium concentrations
did not vary between sampling intervals for either moisture treatment but were significantly higher in the
bulk zone of the non-flooded treatment compared to the flooded treatment (Fig. 3.5e). Iron
concentrations were also significantly higher in the bulk zone of the non-flooded treatment compared to
the flooded treatment (Fig. 3.5c). In the non-flooded treatment, Ni and Sr concentrations were
significantly higher in the root zone compared to the bulk zone (Fig. 3.5f and 3.5g). The flooded
treatment showed significantly higher concentrations in the root zone compared to the bulk zone for Be,
Cu, Fe, Li, Sr and Zn (Fig. 3.5).

Correlation analysis of the data was carried out to determine possible underlying patterns
regardless of the treatments. Some elements correlated significantly with each other (Be, Cu, Fe, Li, Ni,
Srand Zn) (Table 3.1). Eh correlated with pH, Fe, Fe** and Na and pH correlated with Fe** and Na. Fe,
via covariate analysis, was shown to influence Be, Cu, Li, Ni and Zn concentrations and may account for
some of their variation (Table 3.2). In addition, the factors ‘moisture treatments’ and ‘sampling intervals’
were significant for Be, Cu, Ni, Sr and Zn and ‘moisture treatments’ were significant for Be, Cu, Li, Na, Ni,
Sr and Zn.

3.4.2. Plants

In both the non-flooded and flooded treatments, T. angustifolia formed a dense mat of roots at the
surface of the mesh (rhizoplane). In the flooded treatment, root growth was densely distributed
throughout the soil compared to the non-flooded treatment where root growth occurred mainly at the
surface of the mesh. Plant biomass (mean * standard deviation) was significantly higher for the flooded
treatment (6.7+1.5 g aboveground biomass, 24118 g belowground biomass) compared to the non-flooded

treatment (2.31£2.2 g aboveground biomass, 5.2+4.8 g belowground biomass).
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Table 3.1. Pearson correlations for pH, Eh and element concentrations in soil below Typha angustifolia.
Correlations with r=0.475 (that explain 22% or more of variation) are shown (p<0.001).

pH Eh Be Cu Fe Fe* Li Na Ni Sr

Eh 0.596

Cu 0.730

Fe 0.570  0.481 0.528
Fe*' -0.633  -0.947 -0.496 -0.578

Li 0.809 0.837 0.650

Na 0.475 0.641

Ni 0.801 0.715  0.510 0.742

Sr 0.828 0.618 0.721 0.750

Zn 0.922 0.793  0.487 0.819 0.762  0.743

Table 3.2. Analysis of covariance for element concentrations with moisture treatments, sampling intervals
and interaction between the two as fixed variables and Fe as a covariate (NS indicates non-significance;

p<0.05).
Element Source of Variation
Fe A. Moisture B. Sampling Interaction
(Covariate) Treatments Intervals (AxB)
p-value
Be 0.001 0.006 0.019 NS
Cu 0.000 0.000 0.013 NS
Li 0.000 0.000 NS NS
Na NS 0.000 NS NS
Ni 0.000 0.035 0.024 NS
Sr NS 0.037 0.000 NS
Zn 0.000 0.000 0.015 NS

58



65

Table 3.3. Mean element concentration of shoot and root (umol g'1) and mean element content of whole plant (umol plant'1) for the different
moisture treatments (mean + standard deviation, n = 5, different letters within each plant compartment indicates significant variation between

moisture treatments at p<0.05).

Element Shoot Root Whole Plant

Flooded Non-Flooded Flooded Non-Flooded Flooded Non-Flooded
Al 20421 a 27433 b 99+38 d 58143 d 16101763  x 131£137 y
B 1.7¢0.8 a 1.9+0.7 a 11104 d 0.9+0.3 d 32+8.2 X 8.1+7.3 y
Ba 0.1£0.04 a 0.1£0.07 a 0.6£0.2 d 0.2+0.1 d 1413 X 0.8+0.8 y
Be 0.0001%0 a 0.003+0.004 a 0.02+0.01d 0.009+0.007 e 0.5£0.3 X 0.05£0.04 y
Ca 220+39 a 325117 b 565+280 d 210+117 d 14400+£10900 x 153011340y
Cu 0.2+0.05 a 0.2+0.07 a 0.3+0.07 d 0.3+0.1 e 7.0+3.8 X 1.4+1.2 y
Fe 43156 a 7.419.2 b 99+40 d 20+10 e 2260+1810 x 83186 y
K 4671127 a 6161106 b 33881 d 2511141 e 1050015510 x 3000+2820 y
Li 0.3t0.2 a 0.4+0.1 a 0.6£0.2 d 0.3+0.2 d 15+7.9 X 2.0£1.9 y
Mg 63127 a 95+41 a 239+96 d 111+27 d 6030+4910 x 687+601 vy
Mn 1885 a 2.7+2.4 b 18¢74 d 2.3+3.1 e 530+456 X 8.8+4.1 y
Na 73+22 a 119459 a 173+52 d 75+30 d 421042440 x 6044532 vy
P 53+18 a 54132 b 49+15 d 10072 d 1390670  x 3561292 'y
S 46+13 a 10845 a 30£7.3 d 55+11 d 10001730  x 470410 vy
Si 21+26 a 36139 b 67+25 d 64+23 d 1480£766  x 3394320 vy
Sr 0.3+0.05 a 0.5+0.2 a 0.4+0.2 d 0.3+0.2 d 12+7.9 X 2.2+1.9 y
Ti 0.1£0.2 a 0.2+0.3 a 1.1£05 d 0.4+0.3 d 224+9.3 X 2.2+3.0 y
Zn 0.3:0.3 a 0.3+0.2 a 04+0.2 d 0.310.2 d 12+8.7 X 1.0£0.8 vy




For the element analysis of the plant material 32 elements were measured, but not all yielded
results suitable for statistical analysis. Element concentrations were at or below the detection limits for
Ag, As, Cd, Ce, Co, Mo, Ni, Pb, Sb, Sn, Tl, V and Zr. The non-flooded treatment had higher
concentrations of S per gram of aboveground tissue and per gram of belowground tissue (Table 3.3).
The flooded treatment had higher concentrations of Mn per gram of aboveground tissue and higher
concentrations of Ba, Ca, Cr, Fe, Mg, Mn, Na and Ti per gram of belowground tissue. The plants of the
flooded treatment had significantly higher element content of Al, B, Ba, Be, Ca, Cu, Cr, Fe, K, Li, Mg, Mn,
Na, P, Si, Sr, Ti and Zn compared to plants of the non-flooded treatment. The plant S content did not
vary between treatments.

3.5. Discussion

Changes in the rhizosphere soil pH influence the mobility and bioavailability of metals (Davies,
1994; Wright and Otte, 1999; Jacob and Otte, 2003). The pH in the rhizosphere is influenced by Fe
oxidation (Begg et al., 1994; Tinker and Nye, 2000; Neumann and Rdmheld, 2002; Kirk, 2004) cation and
anion uptake (Begg et al., 1994; Tinker and Nye, 2000; Kirk, 2004), soil buffering capability, soil moisture
and aeration, acid production by microbes, CO, production by plant roots and soil microorganisms,
release of root exudates, plant genotype, absorption of soil nitrogen and plant nutrient status (Neumann
and Rémheld, 2002). In general the pH in the rhizosphere differs from that in the bulk soil by about 2-3
units (Neumann and Rdmheld, 2002), hence the conditions in the rhizosphere are quite different from the
soil some distance away from the roots (Kapulnik and Okon, 2002). In the study reported here, there was
no pH gradient present in the flooded or non-flooded soil columns. The lack of a pH gradient in the
flooded columns contrasts with findings by Kissoon et al. (2010) for flooded columns containing Rumex
crispus. This is probably due to interspecies differences and the soil buffering capacity. The lower pH in
the flooded compared to the non-flooded treatment could be a result of CO, dissolution causing slightly
acidic conditions upon flooding (Ponnamperuma, 1972). Soil pH correlated positively with Eh and Na and
correlated negatively with Fe?* concentrations. The relationship between soil pH and Eh suggests that
the redox status as a result of flooding or not flooding the soil columns influenced the soil pH. Alkaline
soil conditions are usually associated with elevated concentrations of Na (McBride, 1994). This may

explain why Na was higher in the non-flooded treatment which had a higher and more alkaline soil pH
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than the flooded treatment. The relationship between soil pH and Fe?" concentrations indicate that Fe
oxidation and subsequent Fe®* depletion probably played a role in the soil pH.

High and non-variable Eh values and low and non-variable Fe** concentrations in the non-flooded
treatment indicate that this soil was oxidized throughout the column compared to the flooded treatment
which had lower Eh values and higher Fe®* concentrations. In the flooded treatment, gaseous exchange
between the air and soil was disrupted when the soil was submerged (Justin and Armstrong, 1987) and
the limited oxygen present was used up by soil microorganisms creating a chemically reduced soil
environment (Trolldeneir, 1988; Sadana and Claassen, 1996). Higher Eh and lower Fe®* concentrations
in the soil above the rhizoplane of the flooded treatment suggests that this soil was oxidized compared to
the soil below the rhizoplane. This oxidized zone in the vicinity of the roots is evidence of radial oxygen
loss, resulting in an oxidized rhizosphere and increased redox potential (Foster et al., 1983;
Mendelssohn, 1993; Davies, 1994; Tinker and Nye, 2000; Jacob and Otte, 2003). Under flooded
conditions, the rhizosphere becomes an interface between oxidized and reduced environments which
host diverse microbial populations (Neubauer et al., 2007), play a role in metal mobility (Jackson, 1998)
and facilitate Fe** oxidation and subsequent Fe plaque formation (Mendelssohn, 1993; Hupfer and Dolan,
2003).

Studies have shown that element concentrations tend to be similar throughout soils under non-
flooded conditions (Youssef and Chino, 1989b; Lorenz et al., 1997; McGrath et al., 1997; Luo et al.,
2000). Element concentrations in the non-flooded treatment were similar throughout the soil column
except for Ni and Sr concentrations which were higher in the root zone than in the bulk zone. In general,
the lack of variation in element concentrations may be due to the lack of soil pH and Eh gradients in the
non-flooded soil columns (Kissoon et al., 2010). Release of root exudates influences element mobility
and availability and also influences the physical, chemical and biological properties of the rhizosphere
(Deiana et al., 2001). The higher concentrations of Ni and Sr in the root compared to the bulk zone may
be due to root exudation and subsequent mobilization of elements for plant uptake (Marschner et al.,
1986; Lombi et al., 2001; Jungk, 2002; Parker et al., 2005). In the flooded treatment, higher
concentrations of Be, Cu, Fe, Li, Sr and Zn in the root zone compared to the bulk zone may be due to the

presence of an Eh gradient, Fe plaque and/or root exudation. Studies have reported greater As, Fe and
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Zn concentrations in the rhizosphere compared to the bulk soil under wetland conditions (Otte et al.,
1991; Otte et al., 1995; Doyle and Otte, 1997; Wright and Otte, 1999). Otte et al., (1991) attributed metal
accumulations near the roots to rhizosphere oxidation processes.

With the exception of Na and Sr, Fe was a significant covariate with elements that showed
variation in the soil columns (Be, Cu, Li, Ni and Zn). This indicates that Fe plays an important role in the
mobility of these elements in the soil. When Fe®" is oxidized in the rhizosphere, a concentration gradient
forms as Fe?" diffuses towards the roots (Sheppard and Evenden, 1991). Some of these elements may
follow the movement pattern of Fe along a concentration gradient as Fe(ll) diffuses from the reduced to
oxidized soil layers, some may be redox sensitive (McBride, 1994; Hinsinger, 2001), co-precipitate with or
have an affinity for the Fe oxides in the rhizosphere (McBride, 1994; Kirk, 2004). Zinc and copper are
associated with insoluble sulfides which result in low mobility under reducing conditions and have high
affinity for colloidal oxides of Al, Mn and Fe in soils (McBride, 1994). Both of these elements have a high
affinity for these oxides, which may explain the increased concentrations in the oxidized root zone. The
mobility of Ni is also restricted under reducing conditions due to incorporation with sulfides and also
readily co-precipitates with Mn and Fe oxides (McBride, 1994). Iron oxides provide sorption sites for
cations (McBride, 1994), act as carriers of metals (Shuman, 2005) and are one the most important oxides
in soil that influence trace element behavior (Kabata-Pendias and Pendias, 2001). Transport of trace
elements through the soil is influenced by the free ion concentrations, redox status, complexation with
ligands, sorption with oxides, organic matter and/or clay minerals and precipitation or co-precipitation with
hydroxides, carbonates, sulfides or phosphates (Kirk, 2004). The concentrations of trace elements such
as Fe, Cr, Cu, V and Mn at the soil-root interface depend on their oxidation state which in turn, influences
their speciation, mobility and availability for uptake (Deiana et al., 2001).

Plant biomass was significantly different between the flooded and non-flooded treatments,
however, isolation of the roots to the upper section of the column forced them to grow along the surface
of the mesh where they formed a dense mat of roots. This ensured that the effective surface area at the
rhizoplane was similar for both moisture treatments. Root surface area (Mengel and Kirkby, 1978; Jungk,
2002), substrate element concentrations and element bioavailability are important for element uptake by

plants (Jackson et al., 1991). Studies have reported that Fe plaque appears to have no impact on
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element uptake (Liu et al., 2008; Jiang et al., 2009) and in some instances appears to enhance uptake
(Otte et al., 1991; Zhang et al., 1998).

A number of studies have shown that wetland plants accumulate high concentrations of multiple
elements in their tissues (Szymanowska et al., 1999; Samecka-Cymerman and Kempers, 2001; Matthews
et al., 2004). The elevated metal concentrations in these plants tend to reflect high available
concentrations in the sediments. In the study reported here, element uptake was significantly greater in
plants grown under flooded compared to non-flooded conditions for Al, B, Ba, Ca, Cu, Fe, K, Li, Mg, Mn,
Na, S, Si, Sr, Tiand Zn. Of these elements concentrations of Cu, Fe, K, Li, Sr and Zn were higher in the
root zone compared to the bulk zone under flooded conditions. The accumulation of these elements in
the root zone of the plants in the flooded treatment may be due to rhizosphere oxidation processes and
may have resulted in greater exposure of the plants to higher bioavailable concentrations of these
elements. This greater exposure to elements may be an explanation for why the plants under flooded
conditions took up more elements than the plants grown under non-flooded conditions. Rhizosphere
oxidation promotes element uptake (Mitsui, 1965), influences the sequestering of nutrients and creates
concentration gradients which stimulates the movement of nutrients in the direction of the roots (Moore et
al., 1994).

The results of this study coincide with findings of a similar study using Rumex crispus.
Observations of Eh, Fe?* concentrations and Fe plaque were consistent with the findings of Kissoon et al.
(2010). They found that Rumex crispus accumulated multiple elements (Al, Cr, Fe, K, La, Sr, V, Y and
Zn) near the roots and took up significantly more elements under flooded compared to non-flooded
conditions. Researchers have suggested that the biogeochemical conditions of the wetland rhizosphere
may contribute to increased metal exposure which may have led to the development of metal tolerance in
wetland plants (McCabe et al., 2001; Otte et al., 2004). Kissoon et al. (2010) proposed that element
accumulation near the roots and subsequent element uptake indicate that wetland plants may indeed be
exposed to more metals that are available for uptake. The study reported here provides evidence to

further support this theory.
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3.6. Conclusions

This study has shown that when plants of the same species are grown under wetland and dryland
conditions, 1) multiple elements accumulate more in the root zone compared to the bulk zone under
wetland conditions and 2) there is greater element uptake by the plants grown under wetland compared

to dryland conditions.
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CHAPTER 4. MULTI-ELEMENT ACCUMULATION IN SOILS ALONG A MOISTURE GRADIENT
ASSOCIATED WITH THE SALT MARSH PLANT TRIGLOCHIN MARITIMA
4.1. Abstract

This study examined multiple element concentrations in soils of high and low moisture content
associated with Triglochin maritima in the Kellys Slough salt marsh to determine if elements accumulate
in the root zone and in the plant tissues of the high moisture content soils. This study found that several
elements accumulated in soils with higher moisture content and that plants growing in these soils tend to
take up more of these elements in their tissues. The results indicated that moisture content played a role
in element distribution in wetland soils. Other factors, such as pH, redox, Fe?" and sulfide concentrations,
LOI and particle size may also play a role in element distribution in wetland soils.

4.2, Introduction

The purpose of the research presented here was to establish if patterns of accumulation of
metals and other elements in the rhizosphere of wetland plants, as observed in greenhouse experiments
(Kissoon et al. 2010, 2011) could be confirmed in the field. Such information is important for our
understanding of spatial and temporal variation of elements, some of which are among the most studied
pollutants, in the environment, and therefore important in monitoring and assessment approaches.

The concentrations of multiple elements were examined including metals such as As, Ba, Co, Cu, Fe, Mg,
Mn, Ni, Sr, Ti, V and Zn.

Element distribution in the rhizosphere is influenced by biogeochemical gradients in element
concentration, pH, redox potential and organic compounds (Hinsinger and Courchesne 2008). Studies
have shown that pH and redox potential influence metal mobility and accumulation (De Laune et al. 1981;
van der Welle et al. 2007). Knowledge of the movement and distribution of trace elements in soils and
plants is critical for agriculture and human nutrition (Morrissey and Guerinot 2009). Studies have reported
differences in biogeochemical processes between the root zone and the non-vegetated or bulk zones in
soil (Barber 1962; Eberhard et al. 1994; Assadian and Fenn 2001; Hinsinger and Courchesne 2008). The
presence of an oxidation-reduction gradient between the root and bulk zone in wetland soils influences
element mobility (Doyle and Otte 1997; Kirk and Bajita 1995; Frommer et al. 2011) and leads to element

accumulation of Fe, Mn, As and Zn in the rhizosphere (Otte et al. 1991, 1995; Kirk and Bajita 1995; Doyle
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and Otte 1997; Frommer et al. 2011) and many other elements, and to greater uptake of those elements
in plants (Kissoon et al. 2010, 2011).

The pH of the rhizosphere is influenced by the exchange of CO, between roots and soil (Begg et
al. 1994), root exudation (Hinsinger 2001), the anion-cation uptake ratio (Gerendas and Radcliffe 2002),
soil moisture and aeration, soil buffering capacity, plant nutritional status, assimilation of soil nitrogen and
microbial activity (Neumann and Rémheld 2002). Root exudation influences the availability of trace
elements in soil by affecting acidification, precipitation, and redox reactions in the rhizosphere (Tao, et al.
2004). Plant-induced changes in pH may cause the dissolution or precipitation of nutrients, thus
influencing their mobility in the rhizosphere (Begg et al. 1994; Jungk 2002). Localized reoxidation of
waterlogged soils is made possible by the presence of well-ventilated roots through which oxygen
diffuses, leading to the formation of an oxidized rhizosphere (Justin and Armstrong 1987). The oxidizing
activity of some wetland plant roots is evident by the deposition of reddish brown Fe oxyhydroxide
precipitates on and around the roots (Armstrong 1967; Flessa and Fischer 1992). Iron oxidation reactions
in flooded soils produce iron oxide precipitates and H" ions, resulting in increased acidity (Begg et al.
1994).

My previous studies found that elements accumulated in the root zone of Rumex crispus (Kissoon
et al. 2010) and Typha angustifolia (Kissoon et al. 2011) more under flooded (wetland) compared to non-
flooded (dryland) conditions in controlled laboratory experiments. The question then arises how such
differences change along natural moisture gradients. Few plant species grow naturally across a wide
range of soil moisture conditions. The plants used for those studies, Typha angustifolia and Rumex
crispus, are both able to grow under widely varying moisture conditions, for example, wet during spring
and early summer, then drying later in the year. | am not aware of any situation where these plants truly
grow along a spatial gradient from wet to dry, completing their life cycles along that gradient. However,
as observed in another study arising from my research group (Sunwar 2011), Triglochin maritima does.
This plant was chosen for this study because it was found growing along a moisture gradient at Kellys
Slough, North Dakota. The purpose of my study was therefore to determine the distribution of multiple
elements in the root zone of T. maritima under different moisture conditions in the Kellys Slough. 1

hypothesized that (1) soils with higher moisture content would have significant accumulation of multiple
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elements in the root zone, because such conditions can lead to steep biogeochemical gradients in the
rhizosphere of plants, and (2) that plants on these soils would show greater uptake of these elements.
4.3. Materials and methods

4.3.1. Sample collection

The study site was located in Kellys Slough Wildlife Refuge in Grand Forks County, North Dakota
(47°59'52.4” N, 97°14'28.17” W) (Figure 4.1). The soil was characterized as Lallie silty clay loam (Soil
Survey Staff 2001). In September 2009, samples, consisting of approximately 8 L of soil with intact
Triglochin maritima plants were collected using a spade. Five samples were collected from each of the
three sample locations of varying elevation at different distances from a small creek; 1) less than 0.5 m
from the creek (lowest elevation), 2) approximately 6 m from the creek, and 3) approximately 10 m from
the creek (highest elevation) which was approximately 30 cm higher than the sampling locations at less
than 0.5 m from the creek (Figure 4.2). T. maritima plants were the dominant plant species in the area
sampled and their growth was uniform and continuous within about 10 m from the creek. The plant and
soil samples were transported to the laboratory in plastic bags and stored in a refrigerator overnight at 4
°C until analysis.

A portion of soil was collected from each sample location, avoiding the surface and outermost soil
layers, for determination of the moisture content. This was estimated by first determining the fresh weight
and then the dry weight after drying at 60 °C. Soil was then collected from the root zone and bulk zone
within each sample avoiding the oxidized surface layer and outermost soil layers. Soil from two different
compartments was collected by hand: bulk zone soil (away from the root surface) and root zone soil
(scraped from the root surface).

4.3.2. Soil sample analyses

Immediately upon collecting fresh soil samples from the bulk and root zones, the pH was
measured in each using a Corning 430 pH Meter, and the redox potential (Eh) was also measured using
a VWR Symphony SP90M5 Handheld Multimeter. The pH electrode was calibrated using buffer solutions
pH 4, 7 and 10. The soil pH was measured by placing the electrode in a paste made with 6-12 drops of
distilled water and approximately 1 g of fresh soil sample (United States Salinity Laboratory Staff 1954).

The redox electrode was verified with two calibration solutions (pH 4 and pH 7 buffer solution

67



89

N TTRSET
Gilg Mapvel
& .
Miagara
Larimare Emerado Grargd Forks)
* &
Thomgsen
Northwood -
3 * ARewEfA
0 20 40 30 Km
| 1 1 1 | |
Manvel
[ 0 -
2 N
s %
= e,
S %
(& _z—o%
Kelly's Slough
Grand Forks
.Emerado -
; 3 10 20 Km
L 1 | : |

Figure 4.1. Map of general study area in the Kellys Slough, North Dakota.



69

Creek
N, -
voal |3 |g
(= =
vl s | g
| a 8§
o ]
ca i Y ‘I?E Pl
il D =
Triglochi | Y _
K l poy LT e
Y Y Y T
(2]
Y Y >
Yy >
o Yy Y -5
Y Yy Yy E
YY Yy >
Y v |

Figure 4.2. Diagram of sampling area (sampling distances from creek: A=0.5 m, B=6 m, C=10 m; approximate distance between samples of
similar locations=2-7.5 m).



quinhydrone mixture). Eh measurements were taken by placing the redox electrode in a soil paste
(Patrick et al. 1996) made with approximately 500 mg of fresh soil sample and 3 ml distilled water.

Ferrous iron concentrations were determined using a modified method by Roden and Wetzel
(1996). Ferrous iron standards were prepared from a stock solution containing 100 mg L™ ferrous
ammonium sulfate hexahydrate and 1% (v/v) 6 M HCI. Fresh soil samples of a known weight
(approximately 0.5 g), were immediately transferred to test tubes containing 5 ml of 0.5 M HCI to minimize
oxidation and fix Fe?" in the sample. The mixture was shaken vigorously and extraction was allowed for
approximately 24 hours. For each of the samples, 0.25 ml of extract was collected and placed in a test
tube containing 4.75 ml distilled water (1:20 dilution). After each diluted extract solution was shaken
vigorously, 0.25 ml of sample or standard was added to 1.25 ml of FerroZine solution (1% wt/wt FerroZine
in 50 mM HEPES buffer, pH adjusted to 7 with 1M NaOH). The color of the resulting solutions was
allowed to develop for five minutes and the absorbance was measured using a Spectronic Helios Gamma
UV-Vis Spectrophotometer at a wavelength of 562. A standard curve was constructed and used to
calculate the ferrous iron concentrations in each sample.

The remaining soil samples were dried at 60 °C until constant weight, crushed using mortar and
pestle and homogenized. These dried samples were reserved for loss-on-ignition (LOI, a measure of
organic matter content), particle size and multi-element analysis. LOI of bulk and root zone samples was
determined by drying the samples in an oven at 105 °C for two hours, weighing, then ashing in a furnace
at 360 °C for two hours. After ashing, the remaining material was cooled, weighed and then passed
through a 63-um sieve under running water to determine an estimate of the particle size. The amount of
sample that passed through the sieve was considered the fraction of soil particles smaller than 63 uym
(f<63 pm).

A known amount of soil sample (approximately 500 mg dry material) was digested in 10 ml of
HNO; in a MARS Xpress Microwave Digester (16 total vessels (XPRESS 55 ml PFA Venting Vessels),
1600W, 100% Power, ramped to 185 °C for 10 minutes and held at this temperature for 5 minutes). The
digested samples were cooled, filtered with 3 — 1ml aliquots of water using Whatman® 1 filter paper and
then analyzed for multiple elements with Spectro Genesis Inductively Coupled Plasma Optical Emission

Spectrometer (ICP-OES) with Crossflow nebulizer, Side-On-Plasma (SOP). A four-point calibration using
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individual or a combination of standards in a five percent HNO3; matrix was used for this analysis. A
continuing control verification (CCV) was done at the beginning and after every 20 samples of the
analysis to check that variability was within 10% for Al and Ca while all other elements were monitored.
Method detection limits in pmol g'1 for these elements were as follows: Ag 0.003; Al 0.05; As 0.05; B 0.06;
Ba 0.003; Be 0.003; Ca 0.03; Cd 0.001; Ce 0.009; Co 0.006; Cr 0.006; Cu 0.02; Fe 0.02; Hg 0.01; K 0.6;
Li 0.1; Mg 0.2; Mn 0.003; Mo 0.03; Na 0.3; Ni 0.02; P 0.3; Pb 0.01; S 0.3; Sb 0.04; Si 0.05; Sn 0.02; Sr
0.01; Ti 0.002; TI1 0.01; V 0.006; Zn 0.02; and Zr 0.002.
4.3.3. Plant sample analysis

The plant samples, separated into roots and shoots, were washed gently in distilled water, dried
at 60 °C until constant weight, crushed using mortar and pestle and homogenized. A known amount of
plant sample (approximately 250 mg) was pre-digested in 5 ml HNO; for 2 hours in a fume hood.
Following pre-digestion, 5 ml distilled water was added to each sample and they were digested in a
MARS Xpress Microwave Digester (16 total vessels (XPRESS 55 ml PFA Venting Vessels), 1600W,
100% Power, ramped to 185 °C over 10 minutes and held at this temperature for 5 minutes). After
complete digestion, samples were cooled, transferred to clean vials with 3 ml aliquots of distilled water
and then analyzed for multiple elements with ICP-OES following the same method as described above for
the soil digests. Method detection limits in umol g'1 for these elements were as follows: Ag 0.003; Al 0.2;
As 0.06; B 0.05; Ba 0.008; Be 0; Ca 0.1; Cd 0.001; Ce 0.004; Co 0.005; Cr 0.004; Cu 0.02; Fe 0.06; Hg
0.01; K 0.6; Li 0.01; Mg 0.2; Mn 0.003; Mo 0.07; Na 0.6; Ni 0.01; P 0.2; Pb 0.008; S 0.4; Sb 0.04; Se 0.08;
Si 0.06; Sn 0.01; Sr 0.007; Ti 0.002; T10.009; V 0.004; Zn 0.004; and Zr 0.002. Element uptake by plants
from each soil moisture group was determined by first calculating the total plant biomass per square
meter (g m'2) and then multiplying that value by the element concentration of each element (umol g'1).
Element upatake is reported as the amount of element per plant per square meter (mmol plant'1 m'2).
4.3.4. Statistical analysis

The concentration data were logqo transformed before statistical analysis to obtain homogeneity
of variance. Significance of differences (probability) was determined by two-way ANOVA (p<0.05) using
Minitab Statistical software (Minitab®15 ©Minitab Inc.). To test for relationships between element

concentrations, pH, Eh, LOI and moisture content, Pearson correlations and p-values were also
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calculated using Minitab®15. | report correlations where r=0.707 (p<0.001), that is, explaining 50% or
more of the variation (McClave and Sincich 2006).
4.4, Results
4.4.1. Soil

4.4.1.1. Moisture content

Moisture content was significantly different between sample locations (p<0.001). Soil from less
than 0.5 m from the creek had significantly higher moisture content than locations at 6 and 10 m from the
creek (Figure 4.3). However, moisture content of the sampling locations at 6 and 10 m from the creek
were not significantly different from each other and so only the locations at less than 0.5 m and 10 m
were used for further statistical comparisons. | will refer to these sample locations as different moisture
groups, samples taken at less than 0.5 m from the creek will be referred to as the high moisture content
group and samples taken at 10 m will be referred to as the low moisture content group.

4.4.1.2. Soil pH, redox potential and Fe** concentrations

Soil pH was not significantly different between the bulk and root soil zones, but was significantly
higher in the low moisture group compared to the high moisture group (Table 4.1, Figure 4.4). Redox
potential was significantly higher in the low moisture content soils compared to the high content soils for
both the root and bulk zones, but that difference was much more pronounced in the bulk soil, which
explains the significant interaction between the two factors. Ferrous iron concentrations were much
higher in the high moisture soil group compared to the low moisture groups, but similar between the root
and bulk soil zones (Figure 4.4). Significant interaction indicated that the difference between high and
low moisture soils in Fe** concentrations was greater in the bulk zone compared to the root zone soils.
Fe plaque was visible adjacent to roots in the high moisture content soils.

4.4.1.3. Loss-on-ignition and particles smaller than 63 um

LOI was similar between moisture groups and soil zones (Table 4.1), but the significant
interaction between the factors indicates lower LOI in low moisture soils compared to high moisture soils
only in the bulk zone soils (Figure 4.4). The fraction of particles smaller than 63 ym (mean % the standard
deviation) was similar between moisture groups and soil zones and was very high averaging 99+0.2% dry

soil.
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Figure 4.3. Mean soil moisture content and standard deviation (error bars) for the sample locations at
different distances from a creek under Triglochin maritima (different letters indicate significant differences
between sample locations) (n=5).

4.4.1.4. Multi-element concentrations

Not all of the 34 element concentrations measured yielded results suitable for statistical analysis.
Element concentrations were at or below the detection limits for Ag, As, Cd, Hg, Mo, Pb, Sb, Se, Si, Sn
and Tl. A few elements were detectable but showed no significant variation and the mean concentrations
* the standard deviation in umol g'1 dry soil averaged for all samples were calculated as follows: B:
5.6+1.2, Ba: 0.6+0.1, Fe: 255136, P: 2314, S: 109+42 and Ti: 0.8+0.4.

The concentrations of Be, Cu, Li, Ni, Zn and Zr varied significantly between both the moisture
groups and soil zones, while concentrations of Ca, Ce, Co, Cr, Mg, Mn, Na, Sr and V varied between the
moisture groups only, and Al and K between the soil zones only (Table 4.1). There were no significant
differences in element concentrations between the root zone and bulk zone within either moisture group.
On the other hand, comparison of root zone soils (Table 4.2) showed that the high moisture content soil
had significantly higher concentrations of Ce, Fe® and Zn compared to the low moisture content soil, but

the reverse was true for Ca, Na and Sr. Comparison of the bulk zone soils showed that the high moisture
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content soil had significantly higher concentrations of Be, Ce, Fe®*, Ni, Zn and Zr and the low moisture
content soil had significantly higher Ca, Mg, Mn, Na and Sr.

Correlation analysis was carried out to identify possible underlying patterns regardless of the
moisture groups or soil zones. Several elements showed highly significant correlations with each other
(Al, Be, Cr, Cu, Ni, V, Zn and Zr; Ca, Fe®*, Mn and Sr; Ce, Na, Zn and Zr) (Table 4.3). Other correlations
included Eh with Ca, Fe*", Mn, Ni, Sr and Zn; water content with Ca, Fe**, Li, Mg and Sr; Ca with Ce, Mg
and Na; Ce with Cr, Ni and Sr; Co with Al, Ni, Zn, and Zr; K with Al, Cu and Li; and Li with K, Mg and Mn.
4.4.2. Plants

Plant biomass per square meter (mean + standard deviation) was similar for the different
moisture groups (low moisture: 127+129 g aboveground biomass m?, 244466 belowground biomass m?;
high moisture: 65+42 g aboveground biomass m?, 15580 belowground biomass m'z). Element
concentrations in some plant material were at or below the detection limit (Ag, As, Cd, Ce, Co, Cr, Hg,
Mo, Ni, Pb, Sb, Se, Sn, Tl and Zr). These elements will not be discussed further. Some elements were
detectable but showed no significant variation and the mean element concentrations + the standard
deviation in ymol g'1 dry weight averaged for all samples were as follows: Al (76 aboveground, 41+47
belowground tissue), Ba (0.02+0.01 aboveground, 0.1+0.05 belowground tissue), Ca (210+72
aboveground, 125+39 belowground tissue), Cu (0.2+0.2 aboveground, 0.3+0.2 belowground tissue), K
(7591181 aboveground, 429+203 belowground tissue), Li (32 aboveground, 1£0.3 belowground tissue),
Mn (1£0.5 aboveground, 3+1 belowground tissue), Na (1898+1041 aboveground, 580413 belowground
tissue), P (129136 aboveground, 99120 belowground tissue), Si (65 aboveground, 64+37 belowground
tissue), Sr (31 aboveground, 3+0.4 belowground tissue), Ti (0.06+0.04 aboveground, 0.3+0.4
belowground tissue), V (0.01+0.01 aboveground, 0.1+0.1 belowground tissue) and Zn (0.5+0.2
aboveground, 0.5+0.2 belowground tissue).

Plants from the low moisture content soil had significantly higher concentrations of B, Mg and S in
their aboveground tissues and higher concentrations of B, Fe and Mg in their belowground tissues
compared to plants from the high moisture content soils (Table 4.4). Whole plants from the high moisture
content soils had significantly higher element contents (mmol plant'1 m'2) of Fe and Mn compared to

plants from the low moisture content soils.
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Table 4.1. Significance of differences (probability) in element concentrations, soil Eh, pH and LOI
between moisture groups (high and low moisture content) and between soil zones (root and bulk zone) as
determined by Two-Way ANOVA (ns indicates non-significance, i.e. p>0.05, n=5)

Source of Variation

A. Moisture Groups B. Soil Zones Interaction (A x B)
Variable p-value

Eh 0.000 0.004 0.005
pH 0.005 ns ns

LOI (% dry soil) ns ns 0.000
Al ns 0.049 ns
Be 0.001 0.023 ns
Ca 0.000 ns ns
Ce 0.000 ns ns
Co 0.007 ns ns
Cr 0.004 ns ns
Cu 0.019 0.017 ns

Fe” 0.000 ns 0.027
K ns 0.024 ns
Li 0.005 0.017 ns
Mg 0.002 ns ns
Mn 0.000 ns ns
Na 0.000 ns ns
Ni 0.000 0.047 ns
Sr 0.000 ns ns
\Y 0.025 ns ns
Zn 0.000 0.025 ns
Zr 0.002 0.036 ns

75



9.

(A) (C)
7.4 500
7.2 —~ 400
I 7.0 o
2 g 300
(?, 6.8 =
4 200
6.6 g
6.4 L 100
ow moisture Low moisture
6.2 content 0 content
Root Zone Root Zone
Bulk Zone Bulk Zone
(B) (D)
250
200
< =
£ 150 @
= &
w100 ©
= =
w50 5
-
0
moisture moisture
-50 content High content
Root Zone Root Zone
Bulk Zone Bulk Zone

Figure 4.4. (A) Mean soil pH, (B) Eh (redox potential), (C) Fe** concentrations and (D) loss on ignition (LOI, % dry soil) of the root and bulk zone
soils under Triglochin maritima for the different moisture content groups.



Table 4.2. Mean element concentrations (umol g'1 dry sail) in the root and bulk zone soils under
Triglochin maritima for the different moisture groups (mean + standard deviation, n=5, significant
differences between moisture groups within each soil zone is marked by * after the higher value for a
particular soil zone).

Element Root Zone Bulk Zone

High H,O content Low H,O content High H,O content Low H,O content

Al 500£70 443488 625+122 511107
Be 0.06+0.009 0.04+0.005 0.07+0.01* 0.05+0.008
Ca 368+215 1220278 460227 1560+493**
Ce 0.26+0.05* 0.19+0.01 0.27+0.04* 0.20+0.03
Co 0.09+0.02 0.07+0.01 0.11+0.01 0.09+0.01
Cr 0.35+0.05 0.28+0.05 0.41+0.08 0.31+0.05
Cu 0.24+0.05 0.20+0.04 0.30+0.05 0.24+0.05
Fe** 465+63*** 112123 441£148*** 175+35

K 11014 112420 136+20 132428

Li 4.3+0.5 5.7+1.5 5.4+1.0 7.8+2.1
Mg 291459 404+75 34357 515+121*
Mn 6.0£2.0 10+4.6 5.5+2.2 13+3.0**
Na 2494122 452+134* 224151 389+41*
Ni 0.27+0.04 0.21+0.04 0.32+0.02* 0.23+0.04
Sr 3.1£1.2 8.7+1.8*** 3.8£1.5 11+3.0***
\Y 0.63+0.08 0.53+0.12 0.8+0.2 0.60+0.11
Zn 0.77+0.09* 0.61+0.06 0.89+0.07** 0.66+0.09
Zr 0.23+0.04 0.18+0.03 0.28+0.04* 0.21+0.03
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Table 4.3. Pearson correlations for Eh, moisture content and element concentrations in soil (pooled for all samples) below Triglochin maritima.
Correlations with r=0.707 (that explain 50% or more of variation) only are shown (p<0.0001).

8.

Eh Water | Be Ca Ce Co Cr Cu Fe* L Mg  Ni St v Zn
Content

Be - - 0.880 -- - - - - - - - - - - - -
Ca 0716 -0.735 - - - - - - - - - - - - - -
Ce - - 0750 0.838 -0.811 - - - - - - - - - - -
Co - - 0713 -- - - - - - - - - - - - -
Cr - - 0.945 0.968 -- 0852 - - - - - - - - - -
Cu - - 0.751 0.906 -- - - 0.809 -- - - - - - - -
Fe?* -0.841 0.834 - - -0.803 - - - - - - - - - - -
K - - 0.846 -- - - - - 0774 - 0712 - - - - -
Li - 0.744 - - - - - - - - - - - - - -
Mg - 0777 - - 0.814 - - - - - 0918 -- - - - -
Mn 0736 - - - 0.881 - - - - -0.773 0751 0.83 - 0.885 - -
Na - - - - 0.708 -0.803 - - - - - - - 0714 - -0.756
Ni 0.723 - 0.804 0.906 0782 0.878 0.864 0.867 -- - - - - - -
Sr 0756 -0.728  -- - 0982 -0.824 - - - -0.828 - 0762 -- - - -
Vv - - 0.898 0.898 -- - - 0935 0725 - - - 0.796 -- - -
Zn -0.743 - 0.834 0936 -- 0.864 0797 0.903 0.845 -- - - 0927 -- 0783 -

Zr -- -- 0.933 0974 -- 0.866 0.722 0.988 0.829 -- - - 0.895 0.928 0.919




Table 4.4. Mean element concentrations in plant parts (umol g'1) and mean element content of whole
plant (mmol plant'1 m'2) for the different moisture groups (mean * standard deviation, n=5, significant

differences between moisture groups (high moisture content or low moisture content) for each plant part
concentration or whole plant content is marked by * after the higher value).

Element

Al

Ba
Ca
Cu

Fe

Li
Mg
Mn

Na

Si
Sr

Ti

Zn

Aboveground tissue

Belowground tissue

Whole plant

(umol g'1) (umol g'1) (mmol pIant'1 m'z)

High Low High Low High Low
8.3418.84 5.25+1.19 30.6+11.2 51.8167.4 8.9813.27 13.1+£20.5
4.32+0.6 6.54£1.25"  11.3£3.74 17.3+3.2* 3.25%¢1.1 3.3+1.81
0.02+0.01 0.03+0.01 0.13+0.04 0.12+0.06 0.04+0.01 0.02+0.023
200+98.7 221+39.3 122+20.2 129+54.7 64.3150.2 39.1£20.7
0.1410.13 0.2510.2 0.34+0.29 0.2410.09 0.08+0.031 0.05+0.036
4.46+1.76 3.64+1.09 162154 68.4+20.8**  40%£16.7** 12.3£10.1
7381192 7801188 4741230 3841187 193+58.5 1124£29.4
1.95+1.29 3.49+1.78 0.97+0.25 1.21+0.31 0.6210.59 0.5+0.24
183+45.1 263+62.3* 116+7.79 174+33.2** 56.3+38.5 48.4+18.7
1.42+0.55 0.9710.22 4.03+0.66 2.9510.95 1.19+0.37* 0.59+0.44
14901959 2300+1060 4961356 6631489 398+373 288+119
139+45.4 1184+23.1 94.3+27.5 10448.57 37.1£14.8 22.61+5.63
174+28.9 233+44.3* 113+£20.7 118+23.3 52.3+32.6 35.9+13.2
6.8616.71 5.8+2.24 66.2+24.8 61.7148.9 17.1+4.45 13.4+16.7
2.56+1.17 3.84+0.55 2.71+0.36 2.37+0.37 1.09+0.63 0.66+0.23
0.07£0.052  0.05+0.012 0.2+0.05 0.4110.59 0.06+0.02 0.11+0.18
0.0110.01 0.0110 0.1£0.02 0.1710.1 0.0210.01 0.031+0.04
0.41+0.18 0.51+0.3 0.44+0.12 0.54+0.23 0.14+0.03 0.12+0.08
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4.5. Discussion

Studies have found that several elements accumulated in wet and dry soils associated with
different wetland plants (Kissoon et al. 2010, 2011). Doyle and Otte (1997), found that As, Fe, and Zn
accumulated in salt marsh soils associated with Atriplex portulacoides and Spartina townsendii. Similarly,
under wet conditions, Be, Ce, Fe**, Ni, Zn, and Zr accumulated in the soils associated with T. maritima,
while under dry conditions Ca, Mg, Mn, Na, and Sr accumulated in the soils associated with T. maritima.
Plants grown under wet conditions took up more Fe and Mn than plants grown under dry conditions. B,
Ba, Ca, Cu, K, Li, Mg, Na, P, S, Si, Sr, and Zn displayed a similar trend of uptake but the differences were
not significantly different. Similarly, studies have found that other wetland plants take up significantly
more Al, B, Ba, Ca, Cu, Fe, K, Li Mg, Mn, Na, Ni, P, S, Si, Sr, Ti, and Zn when grown under wetland
compared to dryland conditions (Kissoon et al. 2010, 2011).

The patterns of element accumulation in the root zone and bulk zone of T. maritima are different
from my greenhouse studies (Kissoon et al. 2010, 2011). These differences could be attributed to several
factors including differences in the experimental setup and sampling technique. First, and probably most
important, the plant species used in this study, T. maritima, is very different from those used in the
greenhouse experiments, i.e. Rumex crispus and Typha angustifolia. Second, the plants in the
greenhouse studies were grown from seed for several months while plants in the field study most likely
would have been several years old with developed root systems. Another reason for differences is that
the root zone in this study was not as clearly defined and localized as in my greenhouse experiments
(Kissoon et al. 2010, 2011). In the green house experiments, the root zone included soil attached to roots
and within 3 mm of the root surface while the root zone described in the present study was soil scraped
from the root surface. Furthermore, in the greenhouse experiments, gradients in element concentrations
towards the roots were limited to the total amount available in the soil columns. In contrast, element
accumulation in the root zone in the field and subsequent uptake by plants can be compensated for by
migration of elements from farther away from the plant. Variations in element concentrations in the field
were due to an equilibrium that had several years to form while in the greenhouse studies variations in

element concentrations formed over several months only.
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Soil properties such as moisture content, pH and redox conditions are altered by living plant roots
and in turn can influence the bioavailability and mobility of chemical elements in soil (Cataldo and
Wildung 1978; Alloway 1995; Deiana et al. 2001; Hinsinger and Courchesne 2008). Element mobility can
also be influenced by the soil solution composition, type and density of charge in soil colloids, the reactive
surface area (Cataldo and Wildung 1978) and formation of complexes in the rhizosphere (Deiana et al.
2001). The availability of elements for plant uptake is also dependent on soil factors such as organic
content, Ca content, cation exchange capacity and temperature (De Laune et al. 1981; Davies 1994). A
combination of differences in moisture content, pH, Eh and LOI may explain the different patterns of
element accumulation that were observed in this study.

My greenhouse studies showed differences in the patterns of element accumulation in
rhizosphere of wetland plants under different moisture conditions. For Rumex crispus, rhizosphere
accumulations of Al, Cr, Fe, K, La, Sr, V, Y and Zn occurred under wetland conditions and Al, Ba, Cu, Cr,
Fe, K, La, Mg, Na, Sr, V, Y and Zn occurred under dryland conditions (Kissoon et al. 2010). For Typha
angustifolia, rhizosphere accumulations of Be, Cu, Fe, Li, Sr and Zn occurred under wetland conditions
and Ni and Sr occurred under dryland conditions (Kissoon et al. 2011). In a study of dryland plants,
Assadian and Fenn (2001) found that Cu, Pb, Mn and Zn concentrations and organic carbon were
significantly greater at the soil-root interface compared to bulk soil. Several studies have reported
patterns of element accumulation or mobility in the rhizosphere of wetland plants for As, Fe and Zn (Otte
et al. 1991; Kirk and Bajita 1995; Otte et al. 1995; Doyle and Otte 1997; Wright and Otte 1999; Jacob and
Otte 2004b). In a tailings pond, Jacob and Otte (2004a) found that flooded zones showed higher metal
mobility than dryer zones. The study reported here found no differences between the root and bulk zone
of either soil of different moisture content, but within the zones, differences in element concentrations
were found depending on the mositure content. This seems to be a contradiction to my earlier findings
with R. crispus and T. angustifolia, but it is not. What was defined as root zones here is not the same as
what was called the rhizosphere in my other studies. In the greenhouse experiments (Kissoon et al.
2010, 2011), the soils were either fully saturated or dry (just above the wilting point of the plants), while
the rhizosphere was a clearly defined layer, no more than a few millimeters across, immediately adjacent

to the roots. The more pronounced differences between the ‘bulk soil’ and the ‘rhizopshere soil’ in the
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greenhouse experiments ocurred in the continously saturated treatments. From this it seems that water
content of the soil is the most important factor determining element concentrations in wetland soils. The
effects of rhizosphere oxidation of the roots then are particularly prominent in soils that are water-
saturated most of the time. Such conditions exist, for example, in coastal salt marshes, which is where
Doyle and Otte (1997) found strong As, Fe and Zn accumulation in the rhizosphere of salt marsh plants.
The site in this study, Kellys Slough marsh, an inland salt marsh, goes through prolonged periods of
drought and may over the year be much drier than the studies by Doyle and Otte (1997) and the
greenhouse studies by Kissoon et al. (2010, 2011)

Soil pH and redox status of the soil in the present study were different from those reported in the
greenhouse studies (Kissoon et al. 2010, 2011) and may explain the different patterns of element
accumulation. The moisture content influences the pH and redox status of soil (Ponnaperuma 1972; Nye
1981; Sajwan and Lindsay 1985; Mendelssohn 1993) and hence influence the element concentrations of
the soil. In both the low and high moisture soil groups the pH ranges were lower than what we observed
previously for flooded soil (6.93-8.20) and for non-flooded soil (7.52-8.73) (Kissoon et al. 2010, 2011).
However, both the greenhouse and field studies observed differences in pH between the two moisture
treatments or groups which may be due to acidification of the saturated or high moisture soil caused by
accumulation and subsequent dissolution of CO, (Ponnamperuma 1972). The soil in the present study
was not as reduced as soils in the earlier studies with Typha angustifolia and Rumex crispus, which
reached redox potentials as low as -113 mV and -140.5 mV (Kissoon et al. 2010, 2011). The Kellys
Slough soils experience prolonged dry periods and is not continuously saturated like the wetland
treatment in the greenhouse studies. Hence, the Kellys Slough soils would not be able to reach the
reduced conditions observed in the greenhouse studies. Similarly to the greenhouse studies, the high
moisture content soil had lower redox potential and hence was more reduced compared to the low
moisture content soils. The redox status of soil influences the availability of redox sensitive elements
(Davies 1994; Hinsinger 2001; Kirk 2004; Kidd et al. 2009). The difference in redox potential between the
high moisture and low moisture content soils may account for why these soils had higher or lower
concentrations of specific elements. Some of the elements that occurred at higher or lower

concentrations in the high moisture content soils also correlated with redox potential (Ca, Fe?, Mn, Ni, Sr,
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Zn), which implies that redox status played a role in their distribution. In waterlogged soils, the redox
potential of the rhizosphere increases as a result of oxygen leaking from the plant roots via radial oxygen
loss (Davies 1994). In the high moisture content soils, the root zone had a higher redox potential than the
bulk zone, which is evidence of rhizosphere oxidation. Rhizosphere oxidation can lead to the
precipitation of Fe and Mn and subsequent co-precipitation of other elements at the soil-root interface
(Hinsinger 2001). The presence of a redox gradient in the high moisture content soils did not correspond
with an element concentration gradient as seen in previous studies (Voegelin et al. 2007; Kissoon et al.
2010, 2011). This may be due to the extent and impact of rhizosphere oxidation being less in the field
studies due to the moisture content of the high moisture soils not being saturated continuously as in the
greenhouse studies.

The high Fe®* concentrations of waterlogged soils are indicative of low redox potential and
reduced conditions (Justin and Armstrong 1987), which is the case for the high moisture content soils in
the present study. Ferrous iron concentrations were higher in both the high and low moisture content
soils compared to soils in the previous studies where the average Fe®* concentrations detected were
1154121 and 130+130 pmol g™ (Kissoon et al. 2010, 2011). This may due to years of Fe** accumulation
in the Kellys Slough soil. In wetland soils with high Fe* concentrations, sulfur can bind with iron to form
insoluble ferrous sulfides, which can then reduce the mobility and availability of trace elements (Mitsch
and Gosselink 2007). Sulfur concentrations in the Kellys Slough are high compared to sulfur
concentrations in the greenhouse studies (Kissoon et al. 2010, 2011) and in freshwater wetlands (Jones
et al. 1982) but lower than that of coastal salt marshes where there is constant sulfate input by seawater
(Ferdelman et al. 1991). Under reduced conditions, metals form insoluble metal sulfide precipitates thus
making them unavailable for uptake (Gambrell 1994; Kirk 2004; Choi 2006). In flooded soils Fe®, Mn*,
Hg2+ and Cu®* form relatively stable insoluble sulfides (Kabata-Pendias and Pendias 2001). Metals such
as Cd, Co, Ni, Sn, Ti and Zn may coprecipitate with iron sulfides thus reducing their mobility (Jenne 1977;
Choi 2006). Metal sulfide precipitation may account for the lack of element concentration gradients
between the root and bulk zone soils and may explain differences in element accumulation with the

greenhouse studies.
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Previous studies found that Fe and LOI (Otte et al. 1991; Otte et al. 1995; Doyle and Otte 1997;
Jacob and Otte 2003; Kissoon et al. 2010, 2011) play an important role in the distribution patterns of
elements in wetland soils. Total Fe concentrations did not vary significantly in this study but we found
that Fe®* concentrations correlated with a few elements. LOI (indicative of organic content) was higher in
both the high and low moisture content soils compared to soils in the previous studies where LOl was
less than 4% (Kissoon et al. 2010, 2011). High organic matter in soil can form complexes with metals
making them unavailable for uptake and hence decreasing their concentrations in soil (Antonovics et al.
1971; Davies 1994). Doyle and Otte (1997) indicated that high LOI may interfere with oxidation patterns
of Fe and the binding of metals with Fe oxides in wetland soils. | did not find significant correlations for
LOI or Fe with any of the elements that showed variation in the study. This may be due to interference by
the high organic content detected in the Kellys Slough soil.

Although particle size did not vary in this study, it may still influence the distribution of elements in
the soil. Aluminum is an important component of silicate and clay minerals (Bertsch and Bloom 1996)
and appears to be dominant in the clay-rich soil of the Kellys Slough. Transport of trace elements in soils
is impacted by their affinity to adsorb to clay minerals in the soil (Kabata-Pendias and Pendias 2001; Kirk
2004). Aluminum correlated with several elements that showed significant variation and was a significant
covariate with some elements including Be, Ce, Cr, K, Li, Ni, Zn and Zr. Aluminum may play an important
role in the underlying patterns of distribution of these elements.

The greenhouse studies (Kissoon et al. 2010, 2011) and the study reported here had several
similarities and differences. The greenhouse and field studies observed element accumulations in the
soils of higher moisture content and greater uptake of these elements by wetland plants. However,
patterns of element accumulation in the root zone and bulk zone were different. This could be due to a
number of factors, which we have previously discussed. These studies have shown that water content of
the wetland soils played a key role in the distribution of elements in these soils. Other factors may
include differences in experimental growth conditions (e.g. greenhouse column experiments versus field
grown plants), soil physiochemical conditions, trace metal availability and differences between plant

species (e.g. root morphology, nature of root exudates, nutrient acquisition strategies) (Kidd, et al. 2009).
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4.6. Conclusions

Results of this study indicated that moisture content played a role in element distribution in
wetland soils. Other factors, such as pH, redox, Fe?" and sulfide concentrations, LOI, particle size and
wetland plant species may also play a role in element distribution in wetland soils. This study found that
several elements accumulated in soils with higher moisture content and that plants growing in these soils

tend to take up more of these elements in their tissues.
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SECTION 2 - SHALLOW LAKES STUDY
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CHAPTER 5. SHALLOW LAKES: VARIATIONS IN AQUATIC VEGETATION AND
BIOGEOCHEMISTRY

5.1. Abstract

This study examined macrophyte abunadance and community composition, and multi-element
concentrations of waters and sediments of 44 shallow lakes of varying turbidity and macrophyte cover in
Minnesota. The results identified significant associations between several environmental variables and,
1) macrophyte cover, 2) macrophyte biomass, 3) macrophyte community composition, 4) water element
concentrations, and 5) sediment element concentrations. Land cover uses (percent woodland and
percent grassland), chlorophyll-a, and open water area were identified as significant sources of variance
for macrophyte cover while sediment physical characteristics (loss-on-ignition and particles smaller than
63um), land cover uses (percent cropland and percent woodland), and turbidity were identified as
significant sources of variance of macrophyte biomass. Percent woodland and percent agriculture were
significant sources of variance of element concentrations in the water while percent woodland, lake
watershed area and sediment physical characteristics were significant sources of variance of elements in
the sediments. Concentrations of Ca, Mg, Na, S and Sr in water and Al, Li, Nd, Pr, Scand U in
sediments were identified as significant predictors of macrophyte community composition. High
macrophyte abundant lakes had higher Mn and lower Si concentrations in their waters and higher B, Ba,
Ca, Mo, P, S, Sr, U and Zr in their sediments compared to low macrophyte abundant lakes.
5.2. Introduction

Plant community composition and distribution varies with climate, hydrology, substrate type and
nutrient availability (Cronk and Fennessy 2001). Each macrophyte species has adaptations or tolerances
allowing them to attain optimum growth under particular chemical conditions (Moyle 1945). Povidisa et al.
(2009) found that natural (habitat and biotic variables) and anthropogenic effects influenced submerged
community composition while land use variables (urban, forest, agriculture) influenced emerged and
floating macrophytes. Different macrophyte species are tolerant of nutrient-poor and/or clear conditions
while some are tolerant of nutrient-rich and/or turbid conditions (Lougheed et al. 2001; Mackie 2004).
Povidisa et al. (2009) reported that Potamogeton pectinatus, Ceratophyllum submersum and Lemna spp.

were tolerant of eutrophic systems while Isoetes spp. Myriophyllum alterniflorum, Utricularia australis and
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Nitella translucens were tolerant of nutrient-poor systems and sensitive to eutrophication. Macrophytes
also have adaptations that are exclusive to conditions of their habitat (Cronk and Fennessy 2001). Moyle
(1945) identified three groups of plants in Minnesota lakes, 1) macrophytes of soft-water lakes which
occur most often in northeastern Minnesota, 2) macrophytes that inhabit the hard-water moraine lakes in
central, northern and southern Minnesota and, 3) macrophytes of alkali or high sulfate lakes in the
western and southwestern prairies of Minnesota.

Shallow lakes are known to exhibit regime characteristics (Scheffer 2004) and Zimmer et al.
(2009) reported that shallow lakes in Minnesota also conform to these dynamics. Turbid regimes are
usually dominated by phytoplankton with little to no submerged vegetation while clear regimes are
dominated by abundant submerged vegetation (Scheffer 2004). Studies have shown that shallow lakes
can shift between turbid and clear regimes from year to year or after several years (Blindow et al. 1998;
Bayley et al. 2007). Sediments in shallow lakes that have abundant plant cover are less vulnerable to
disturbance and resuspension by wind or wave action and foraging activities of benthivorous fish
(Faafeng and Mjelde 1998; Horppila and Nurminen 2003; Scheffer 2004). Submerged plants decrease
sediment resuspension and subsequently reduce phosphorus loading to the water column and turbidity
(Horppila and Nurminen 2003). Several studies have reported shifts in lake regimes or lake clarity in
response to changes in water levels, plant biomass and spring temperatures (Blindow et al. 1998), total
phosphorus concentrations (Bayley et al. 2007) and fish biomass (Zimmer et al. 2009). Scheffer and
Jeppesen (1998) indicated that the switch from a macrophyte-dominated to a turbid regime in shallow
lakes might be due to increased and continuous nutrient loading.

Land use is a major factor influencing the loading of nutrients into lakes and is dependent on the
lake watershed transport capacity (Fraterrigo and Downing 2008). Plant community composition in lakes
can be impacted by geology, land cover, water and sediment chemistry (Moyle 1945; Stewart and
Kantrud 1972; Barko and Smart 1986; Barko et al. 1991; Koch 2001; Lougheed et al. 2001; Hansel-Welch
et al. 2003; Del Pozo et al. 2011). Water chemistry (Nilsson and Hakanson 1992; Whigham and Jordan
2003; Fraterrigo and Downing 2008) and macrophyte community composition of lakes are influenced by
the surrounding land use (Stewart and Kantrud 1972; Lougheed et al. 2001; Del Pozo et al. 2011). Lakes

within developed or agricultural watersheds are subject to increased nutrient inputs due to runoff from
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fertilizer use or animal waste (Atkinson et al. 2011). Wetlands impacted by agricultural activities tend to
have higher nutrient concentrations, higher turbidities and lower species richness compared to wetlands
not influenced by agriculture (Lougheed et al. 2001; Atkinson et al. 2011; Rowan et al. 2012). Unlike
agricultural or developed land, forested land prevents sedimentation and the release of nutrients via
runoff into surface waters due to the presence of constant vegetation cover (Lougheed et al. 2001).

The purpose of this study was to determine 1) if the composition of macrophyte communities in
shallow lakes is related to lake turbidity and multi-element concentrations in the lake water and sediment
and, 2) if predominant land use of the watershed was related to macrophyte community composition,
water and sediment chemistry of shallow lakes. | hypothesized that 1) high plant abundance will coincide
with low turbidities, 2) low plant abundance will coincide with high element concentrations in the
associated water and sediment, and 3) lakes with high element concentrations will be associated with
agriculture-dominated watersheds. Based on previous studies involving either emergent or submerged
vegetation, we expected that elements such as Cu, Fe, Mn, P, Pb and Zn concentrations would be
elevated in the water and sediments when there was low plant abundance (Chen and Barko 1988; Goulet
and Pick 2001; Keskinan et al. 2004).

5.3. Materials and methods
5.3.1. Description of study sites

This study involved 38 shallow lakes in Minnesota which were sampled during August 9-19, 2010
and August 8-17, 2011. These included six shallow lakes in Grant County, six in ltasca State Park
(Hubbard and Clearwater Counties), six on the Red Lake Indian Reservation (Clearwater and Beltrami
Counties) that were sampled in 2010, and 20 in the Windom area that were sampled in 2011 (Jackson
and Cottonwood Counties). In addition to these 38 lakes, six lakes located within a bog area on the Red
Lake Indian Reservation (Clearwater County) were sampled July 19 and 21, 2010. Due to the isolation
and the difficulty of transporting sampling equipment within the Red Lake bog area, cover data could not
be collected, but some water and sediment samples were collected from these six lakes (RLO7, RLOS,
RL0O9, RL10, RL11, RL12). For comparison purposes, | will refer to the study sites as occurring within
different regions of Minnesota, referring to these regions as the Grant County (GC), Itasca (IT), Red Lake

(RL), and Windom (W) regions (Figure 5.1). Shallow lakes in this study occurred within watersheds
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ranging from 8-23953 ha, were from 1.8-59 ha in basin area and averaged 1.4+0.8 m deep (Table 5.1).
Shallow lakes in the ltasca and Red Lake regions are located within areas where the dominant land cover
(>40%) is forest (Minnesota Geospatial Information Office Staff 1999). Shallow lakes in Grant County
and the Windom region occur in areas where dominant land cover is cultivated land (>79%). Lakes in the
Red Lake and ltasca regions were located in areas dominated by woodland while those in Grant County
and Windom were located in areas dominated by agriculture (Table 5.2).

Study lakes in the Itasca region occur within the Itasca moraine, Red Lake within Erskine moraine
and Peat deposits, Grant County within Big Stone moraine, and Windom within Altamont moraine
(Ojakangas and Matsch 1982; Lusardi 1997). Parent materials include glacial till or outwash except for
the lakes located within the bogs of the Red Lake region, which are associated with organic material over
till or glacio-lacustrine deposits (Soil Survey Staff 2012). In the Itasca region soils were well drained and
were formed in loamy glacial till on moraines, very permeable soils formed on glacial outwash, and well
drained soils formed on loamy sediments overlying sandy and gravelly sediments on glacial outwash (Soll
Survey Staff 2012). Soils in the Red Lake region include fine loamy soils, sapric soils, very poorly drained
organic soils overlying loamy glacial deposits on moraines, and very poorly drained soils that formed in
woody materials over loamy calcareous glacial till or loamy lacustrine sediments (Soil Survey Staff 2012).
Soils in the Grant County region include excessively drained soils that formed over coarse glacial
outwash, well drained soils that formed in loamy glacial drift, well drained soils formed in calcareous
glacial till, well drained soils that formed in glacial outwash deposits of loamy mantle over sandy deposits,
and well drained soils that formed in loamy till (Soil Survey Staff 2012). Soils in the Windom region
include well drained soils formed over glacial till, very poorly drained soils that formed in loamy till, very
poorly drained soils that formed over calcareous loamy till, well drained soils that formed in calcareous
loamy till on glacial moraines, and excessively drained soils formed in sandy outwash sediments (Soll

Survey Staff 2012).
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Figure 5.1. Map of Minnesota showing the locations of the study areas (regions: RL=Red Lake;
IT=ltasca; GC=Grant County; W=Windom) containing the 44 shallow lakes sampled in 2010 and 2011.
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Table 5.1. Size of study basin, watershed and average depth of 44 shallow lakes in Minnesota (study
basin area includes the open water and emergent vegetation fringe determined to be part of the basin,

lake watershed area entire includes land area draining to the outlet of the study lake).

Lake watershed Study basin Open water
Lake Region area area area Average depth
ha ha ha m
GCO01 Grant County 12 4.3 4.1 1.61
GCO02 Grant County 262 15 14 1.54
GCO03 Grant County 265 32 31 1.69
GC04 Grant County 1384 22 22 1.42
GCO05 Grant County 340 58 40 1.74
GCO06 Grant County 537 7.4 4.7 0.88
ITO1 Itasca 8.0 1.8 1.3 1.58
ITO2 Itasca 13 4.0 3.7 1.98
ITO3 Itasca 144 2.2 20 2.08
ITO4 Itasca 35 8.2 6.4 3.85
ITO5 Itasca 243 11 9.7 292
ITO6 Itasca 128 4.7 3.9 3.05
RLO1 Red Lake 14 4.5 3.1 1.19
RL0O2 Red Lake 15 71 5.1 1.31
RL0O3 Red Lake 46 6.5 2.9 1.01
RLO4 Red Lake 100 9.1 4.1 0.76
RLO5 Red Lake 50 5.4 3.3 0.82
RLO6 Red Lake 97 12 2.7 1.25
RLO7 Red Lake 23953 48 39 0.73
RL08 Red Lake 23953 3.3 3.0 1.01
RL09 Red Lake 23953 6.2 5.6 0.82
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Table 5.1 (continued)

RL10 Red Lake 23953 8.0 4.5 0.73
RL11 Red Lake 23953 25 22 0.98
RL12 Red Lake 23953 7.6 6.4 0.70
W01 Windom 258 40 25 1.38
W03 Windom 466 41 40 1.37
Wo4 Windom 201 42 42 2.03
W05 Windom 762 27 25 0.51
W06 Windom 51 6.1 3.9 0.78
Wo7 Windom 845 38 18 0.52
W08 Windom 58 6.5 6.2 1.92
W09 Windom 222 26 26 2.39
W10 Windom 235 13 3.3 0.77
W11 Windom 196 12 11 0.98
W12 Windom 100 40 39 2.73
W13 Windom 101 12 2.9 0.62
W14 Windom 1061 32 8.1 0.84
W15 Windom 167 59 56 1.73
W16 Windom 412 37 35 1.44
W17 Windom 19 3.5 2.8 0.65
W18 Windom 21 3.8 2.7 0.64
W19 Windom 49 14 14 1.45
W20 Windom 640 32 30 0.81
W21 Windom 54 3.6 2.1 0.79
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Table 5.2. Land cover proportions for the watersheds of 44 shallow lakes in Minnesota (total agriculture
is a combination of the percent cropland for corn and soybeans and hay and grains).

Lake Region Grassland  Shrubland  Woodland SC:;S;TS Hgya%nsd Ag:i—:Ltjilure
GC01  Grant County 0.95 0 0 0 0 0
GC02  Grant County 0.34 0.02 0.02 0.40 0.08 0.48
GC03  Grant County 0.15 0.01 0.04 0.34 0.29 0.63
GC04  Grant County 0.16 0.02 0.03 0.40 0.22 0.62
GC05 Grant County 0.40 0.09 0.01 0.38 0.00 0.38
GC06  Grant County 0.21 0.01 0.03 0.46 0.14 0.60
ITO1 Itasca 0.21 0 0.71 0 0 0
ITO2 Itasca 0.00 0.05 0.92 0 0 0
ITO3 Itasca 0.01 0.02 0.79 0 0 0
ITO4 Itasca 0.00 0 0.85 0 0 0
ITO5 Itasca 0.04 0.001 0.80 0 0 0
ITO6 Itasca 0.09 0.15 0.69 0 0 0
RLO1 Red Lake 0.01 0 0.86 0 0 0
RLO2  Red Lake 0 0 0.99 0 0 0
RLO3  Red Lake 0 0 0.98 0 0 0
RLO4  Red Lake 0.10 0.02 0.77 0 0 0
RLO5  Red Lake 0.16 0.01 0.74 0 0 0
RLO6  Red Lake 0.03 0 0.93 0 0 0
RLO7 Red Lake 0.0001 0.001 0.39 0 0 0
RLO8  Red Lake 0.0001 0.001 0.39 0 0 0
RLO9 Red Lake 0.0001 0.001 0.39 0 0 0
RL10 Red Lake 0.0001 0.001 0.39 0 0 0
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Table 5.2 (continued)

0.001 0.39
0.001 0.39
0 0.05
0 0.02
0 0.04
0.002 0.06
0 0.001
0.02 0.04
0.0002 0.03
0.007 0.03
0 0
0.04 0.04
0 0.10
0.03 0
0 0
0 0.01
0 0.002
0 0.02
0 0
0 0
0.001 0.004
0 0.02

0.58

0.03

0.22

0.38

0.22

0.66

0.60

0.14

0.32

0.04

0.35

0.18

0.31

0.70

0.69

0.57

0.58

0.45

0.49

0.20

0.83

0.59

0.28

0.47

0.14

0.23

0.68

0.59

0.34

0.47

0.57

0.59

0.16

0.22

0.16

0.19

0.10

0.78

0.86

0.81

0.66

0.69

0.80

0.83

0.82

0.91

0.38

0.82

0.75

0.90

0.86

0.90

0.57

0.74

0.64

0.59
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5.3.2. Vegetation assessment

In each shallow lake, the macrophyte species were identified and their percent cover estimated
using an acrylic glass bottom cylinder (scope-like device) at 10 stations within the perimeter of each lake,
approximately equidistant from each other and at least 4 m from shore (Figure 5.2). Plant species were

identified according to Fasset (1957) and Borman et al. (1997).

15 cm
+—>
4 PVC Handles
v.E> <— | PVC cylinder with
> Plexiglass bottom
Water surface

Submersible lights

Figure 5.2. Acrylic glass bottom cylinder used for viewing submerged vegetation in shallow lakes.
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Macrophyte biomass was determined by Minnesota Department of Natural Resources personnel
on different days at 15 stations along 3 transects running the width of each lake. To collect macrophytes
for mass estimates, a plant rake was cast at each station and dragged along the lake bottom for about 3
m. The macrophytes collected were weighed as grams per rake sample (hereafter g sample’1) and
averaged for each lake.

5.3.3. Water collection and analysis

Water samples were collected at approximately the same locations where the macrophyte cover
was determined. Water samples were collected directly above the vegetation beds by placing the sample
bottle approximately 25 cm below the water’s surface, filling the bottle completely and replacing the cap
before bringing the bottle back to the surface. Five water samples equidistant from each other were
collected at each of the six Red Lake sites located within the bog area. A portion of each water sample
was used to measure the turbidity using a HACH® portable turbidimeter (Model 2100P) and pH using a
VWR Symphony SP90M5 Handheld Multimeter. The remaining water samples (approximately 50 ml)
were filtered (0.45-um pressure filter, Pall Corporation Supor® -450) and acidified with 0.1 ml (2 drops) of
concentrated nitric acid. The samples were stored in a refrigerator at 4°C and then analyzed for 32
elements with a Spectro Genesis Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).
The method detection limits in umol g'1 for these elements were as follows for the 2010 samples: Ag 0.05;
Al 0.3; As 0.1; B 0.1; Ba 0.02; Be 0.002; Ca 0.1; Cd 0.01; Ce 0.1; Co 0.03; Cr 0.03; Cu 0.05; Fe 0.2; K 2;
Li 0.03; Mg 0.8; Mn 0.02; Mo 0.04; Na 0.3; Ni 0.1; P 0.4; Pb 0.1; S 0.2; Sb 0.2; Se 0.2; Si 0.1; Sn 0.1; Sr
0.001; Ti 0.03; T10.2; V 0.1; Zn 0.01. The method detection limits in pymol g'1 for these elements were as
follows for the 2011 samples: Ag 0.01; Al 0.3; As 0.2; B 0.03; Ba 0.03; Be 0.001; Ca 0.04; Cd 0.01; Ce
0.1; Co 0.02; Cr 0.01; Cu 0.01; Fe 0.1; K 0.8; Li 0.004; Mg 0.2; Mn 0.01; Mo 0.03; Na 0.02; Ni 0.04; P 0.3;
Pb 0.1; S 0.4; Sb 0.1; Se 0.3; Si 0.03; Sn 0.1; Sr 0.0004; Ti 0.01; T1 0.2; V 0.02; Zn 0.01. In 2010, 5-10
water samples from each lake were used for element analysis while in 2011, 10 water samples from each
lake were used for element analysis. Chlorophyll-a and total phosphorus concentrations for each shallow

lake were determined by the Minnesota DNR in July of the same year.
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5.3.4. Sediment collection and analysis

Sediment samples were collected with a sediment corer at approximately the same locations
where the plants were surveyed and the water samples collected (Figure 5.3). For the six Red Lake sites
located within the bog area, five sediment samples were collected equidistant from each other at

approximately the same location where water samples were collected.

d L

Rubber quick cap — remove after
inserting in sediment — replace after
air expels to create vacuum.

Water Surface

3m

Vegetation

\ BN

Sediment Vacuum - allows for sampling of
sediment

Figure 5.3. Sediment corer for sampling sediments in shallow lakes (adapted from Madsen et al. 2007).
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Samples were transported in a cooler with ice to the lab where they were placed in paper bags
and oven-dried until constant weight at 60°C, crushed, and homogenized. These dried samples were
reserved for loss-on-ignition (LOI, a measure of organic matter content), particle size and multi-element
analysis. LOI of sediment samples was determined by again drying the samples in an oven at 105 °C for
two hours, weighing, and then ashing in a furnace at 360 °C for two hours. After ashing, the remaining
sample material was cooled, weighed and then passed through a 63-um sieve under running water to
determine an estimate of particle size. The amount of sample that passed through the sieve was
considered the fraction of sediment smaller than 63 ym (/<63 pym).

Another portion of the dried sediment samples were analyzed for 65 elements via Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) by a commercial laboratory (Activation Laboratories, Ltd,
Analysis by Aqua Regia Digestion). Method detection limits for the 2010 samples in nmol g™ for these
elements: Ag 0.02, As 1.3, Au 0.003, B 93, Ba 3.6, Be 11, Bi 0.09, Cd 0.09, Ce 0.07, Co 1.7, Cr 9.6, Cs
0.2, Cu 0.2, Dy 0.006, Er 0.6, Eu 0.7, Ga 0.3, Gd 0.6, Ge 1.4, Hf 0.6, Ho 0.6, In 0.2, La 3.6, Li 14, Lu 0.6,
Mn 18, Mo 0.1, Nb 1.1, Nd 0.14, Ni 1.7, Pb 0.05, Pr 0.7, Rb 1.2, Re 0.005, Sb 0.2, Sc 2, Se 1.3, Sm 0.7,
Sn0.4,Sr5.7,Ta0.3, Tb 0.6, Te 0.2,th 0.4, TI 0.1, Tm 0.6, U 0.4, V 20, W 0.5, Y 0.1, Yb 0.6, Zn 1.5, Zr
1.1 and in pmol g for these elements: Al 4, Ca 3, K 3, Mg 4, Na 0.4, P 0.3, S 0.3 and Ti 2 (Accredited
Laboratory; ISO/IEC 17025:2005). Method detection limits for the 2011 samples in nmol g1 are the same
except for Au 0.03. In 2010 and 2011, 5-10 sediment samples were used for element analysis.

5.3.5. Statistical analysis

Concentration data were log transformed prior to statistical analysis to help obtain homogeneity of
variance and macrophyte data were relativized by maxima to reduce the influence of highly abundant
species (McCune and Grace 2002). A General Linear Model with a nested design and multiple
comparison tests by the Tukey method was used to determine significant differences among regions and
among lakes within regions (p<0.01) using Minitab® statistical software (Minitab® 15 ©2006 Minitab Inc.).
K-means cluster analysis (Lattin et al. 2003) was carried out in Minitab to classify lakes into two groups
based on macrophyte cover and biomass, with the two groups consisting of lakes with low macrophyte
abundance and high macrophyte abundance. A General Linear Model was then used to test for

significant differences in element concentrations between the low macrophyte and high macrophyte lakes
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(One-Way ANOVA, p<0.05). To test for relationships between element concentrations in the water and
sediment, Pearson correlations and their associated p-values were calculated in Minitab. Here we
consider only correlations that explained 25% or more of the variation (r 2 0.50, p<0.0001) (McClave and
Sincich 2006).

Water-column (hereafter water) and sediment element concentration matrices were analyzed
using principal components analysis with a correlation cross-products matrix and Euclidean distances to
determine trends in the element concentrations among the lakes (PCA in PC-ORD v. 6.0, McCune and
Mefford 2010). Indicator Species Analyses were carried out in PC-ORD using the Dufréne and Legendre
(1997) method to determine significant indicator species for regions and macrophyte abundance groups.

Relationships between environmental variables (land cover proportions, lake watershed area,
basin area, open water area, turbidity, chlorophyll-a, LOI, /<63 pm) and element concentrations of the
water and sediment were assessed using partial Redundancy Analysis (pRDA) in CANOCO (©2005
CANOCO Version 4.5) where influence of region was assessed as a covariable in these models.
Strength of relationships between the environmental variables and macrophyte cover were assessed
using pRDA and between the environmental variables and plant biomass using Partial Canonical
Correspondence Analysis (pCCA). Relationships between macrophyte community composition and
element concentrations in the water and sediments were determined using RDA. Preliminary Detrended
Correspondence Analysis (DCA) indicated that linear gradient analysis (RDA) was appropriate for
analysis of the water, sediment, macrophyte cover and community composition data since the gradient
lengths were less than two standard deviations and pCCA was deemed appropriate for analysis of the
macrophyte biomass data since the gradient lengths were greater than two standard deviations (van
Wijngaarden et al. 1995). Prior to analysis the rare macrophyte species (species that occurred in less
than three lakes) were deleted from the macrophyte matrices to reduce dataset sparsity (McCune and
Grace 2002; Peck 2010). Forward selection with Monte Carlo permutation tests (499 permutations) were
used to determine the significant environmental variables which were included in final models (p<0.05).
Methods of Borcard et al. (1992) were then used to partition the variance attributed to both environmental

variables and covariables.
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5.4. Results
5.4.1. Aquatic vegetation

Several macrophyte species only occurred in certain regions and so differences in cover and
biomass could not be assessed for individual species. |included filamentous algae and Chara spp. in the
analysis of all the macrophyte data. Total macrophyte cover and biomass varied significantly among
regions and also among lakes within regions. Lakes in the Red Lake region had greater total macrophyte
cover compared to lakes in Itasca, Grant County and Windom (p<0.0001) (Table 5.3). On the other hand,
lakes in Grant County had significantly greater total macrophyte biomass than lakes in Itasca, Red Lake
and Windom. Lakes in ltasca had significantly lower total macrophyte biomass than lakes in Red Lake
and Windom (p<0.0001).

Species richness varied among the lakes with the most macrophyte species (12 species)
detected in GCO1 and the least species (one species) in ITO3, W08, W19 and W20 (Table 5.4). No
macrophyte species were detected in GC02, IT02, W03, W06 and W09. Results of the indicator species
analysis showed that seven of the 27 macrophyte species detected by the rake and viewer method
combined were identified as indicator species. These included filamentous algae, Potamogeton
richardsonii and Stuckenia pectinata identified as significant indicators for Grant County, Sagittaria
cristata and Sparganium americanum for ltasca, and Potamogeton natans and Utricularia vulgaris for the
Red Lake region (Table 5.5).

Table 5.3. Average + standard deviation of total macrophyte cover and biomass for the different regions
sampled (different letters indicate significant differences among the regions for cover or biomass).

Regions Total macrophyte cover Total macrophyte biomass
% g rake sample™

Grant County 55+40 b 6931560 x

Itasca 401449 b 64189 vy

Red Lake 83+40 a 3594410 z

Windom 47+44 b 3781407 z
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Table 5.4. Macrophyte species and filamentous algae detected by the viewer or rake method in each
shallow lake (each number identifies a lake in each region; GC = Grant County, IT = ltasca, RL = Red
Lake, W = Windom).

Species GC IT RL w
Bidens beckii 6
Brasenia schreberi 1 2,7,8,12
Ceratophyllum 1,3,6 1 4 1,5,7,10,13, 14, 15,
demersum 17,18, 21
Chara spp. 1,3,5,6 1,5 2,3,4,6,7,8,9, 11 1,5,10, 13, 14, 17,18
Drepanocladus spp. 13
Elodea canadensis 11,17
Filamentous algae 1,3,4,5,6 4,7,10,13, 14,15
Heteranthera dubia 6
Lemna minor 5,13, 14
Lemna trisulca 1,6 1 10, 13, 18, 21
Myriophyllum sibiricum 1,3,6 3,4,6,8,9,10, 11 13,17
Najas flexilis 1,6 5 2,4,5,6,7,8,9, 10, 5,15, 17, 21
11,12

Nitella spp. 6
Nuphar spp. 6 1
Nymphaea spp. 1
Potamogeton amplifolius 1 2,57,12
Potamogeton gramineus 6 2
Potamogeton natans 1 1,3,4,5,9, 10
Potamogeton praelongis 1
Potamogeton pusillus 1 1 2 1,5,7,13,14,17,18
Potamogeton 1,3,6 1,4,12, 15, 16, 19
richardsonii
Potamogeton 1 4,5 3,4,9 11 1,11, 18, 21
zosteriformis
Ruppia occidentalis 3
Sagittaria cristata 1,6 3,4,5,6 2
Sparganium 1,4 14
americanum
Stuckenia Pectinata 1,3,4,5,6 1,5,6 4,9 1,4,5,7,8,10, 11, 12,

13, 14, 15, 16, 17, 18,

20, 21
Utricularia vulgaris 1,5 1,6 1,2,3,6,7,8,9, 10, 10

11,12
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Table 5.5. Indicator values for each macrophyte species and filamentous algae in the different regions as
determined by indicator species analysis (p-values indicate the probability of the listed indicator values or
higher given the species distributions, * denotes the significant species indicators, p<0.05).

Region with maximum

Species observations Indicator Value p-value
Bidens beckii Itasca 20.0 0.2541
Brasenia schreberi Red Lake 20.8 0.2545
Ceratophyllum demersum Grant County 23.2 0.2917
Chara spp. Grant County 281 0.3069
Drepanocladus spp. Windom 5.9 1.0000
Elodea canadensis Windom 11.8 0.6923
Filamentous algae* Grant County 70.8 0.0002*
Heteranthera dubia Windom 20.0 0.2541
Lemna minor Windom 17.6 0.1794
Lemna trisulca Grant County 223 0.1396
Myriophyllum sibiricum Red Lake 321 0.0788
Najas flexilis Red Lake 33.6 0.0632
Nitella spp. Itasca 20.0 0.2541
Nuphar spp. Itasca 141 0.5037
Nymphaea spp. Red Lake 8.3 0.5569
Potamogeton amplifolius Red Lake 20.8 0.2555
Potamogeton gramineus Itasca 14.1 0.5065
Potamogeton natans* Red Lake 35.7 0.0494*
Potamogeton praelongis Windom 5.9 1.0000
Potamogeton pusillus Windom 18.9 0.3019
Potamogeton richardsonii* Grant County 37.8 0.0182*
Potamogeton zosteriformis Red Lake 17.9 0.6601
Ruppia occidentalis Grant County 20.0 0.2555
Sagittaria cristata™ Itasca 49.9 0.0054*
Sparganium americanum* Itasca 34.9 0.0416*
Stuckenia pectinata* Grant County 35.8 0.0470*
Utricularia vulgaris™ Red Lake 41.0 0.0220*
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K-means cluster analysis classified 38 shallow lakes in this study into two groups characterized
by differences in macrophyte cover and biomass. These two groups consisted of 18 lakes with low or no
macrophyte occurrence which we considered the low macrophyte lakes, and 20 lakes with high
macrophyte occurrence which we considered the high macrophyte lakes (Figure 5.4). Six lakes were not
included in the cluster analysis because they did not have cover data available. Three of these lakes
were assigned to the low macrophyte group if their biomass was less than 150 g sample'1 and the
remaining three lakes to the high macrophyte group. Lakes classified as low macrophyte averaged 9%
macrophyte cover and 46 g sample'1 of macrophytes, while lakes classified as high macrophyte averaged
93% macrophyte cover and 621 g sample'1 of macrophytes. Indicator species analysis showed that
Ceratophyllum demersum, Chara spp., Myriophyllum sibiricum and Potamogeton pusillus were significant

indicators of high macrophyte abundance lakes (Table 5.6).
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Figure 5.4. Average macrophyte and algae percent cover and biomass (g rake sample'1) for 38 shallow
lakes classified as high macrophyte and low macrophyte abundance lakes by k-means cluster analysis.
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Table 5.6. Indicator values for each macrophyte species and filamentous algae in high and low
macrophyte abundance lakes as determined by indicator species analysis (p-values indicate the
probability of the listed indicator values or higher given the species distributions, * denotes the significant
species indicators, p<0.05).

Lake with maximum

Species observations Indicator value p-value
Bidens beckii low 6.2 0.4057
Brasenia schreberi high 6.7 1.0000
Ceratophyllum demersum* high 50.5 0.0080
Chara spp.* high 71.8 0.0002
Drepanocladus spp. high 4.3 1.0000
Elodea canadensis low 3.7 1.0000
Filamentous algae high 26.5 0.2913
Heteranthera dubia low 6.2 0.4057
Lemna minor high 13 0.2482
Lemna trisulca high 21 0.2046
Myriophyllum sibiricum™ high 37.9 0.0414
Najas flexilis high 40.2 0.1030
Nitella spp. low 6.2 0.4057
Nuphar spp. low 12.5 0.1696
Nymphaea spp. low 6.2 0.4213
Potamogeton amplifolius high 6.7 1.0000
Potamogeton gramineus low 3.7 1.0000
Potamogeton natans high 13.8 0.6863
Potamogeton praelongis low 6.2 0.4169
Potamogeton pusillus™ high 33.7 0.0256
Potamogeton richardsonii low 201 0.4319
Potamogeton zosteriformis high 27.6 0.3281
Ruppia occidentalis high 4.3 1.0000
Sagittaria cristata low 9.7 1.0000
Sparganium americanum high 51 1.0000
Stuckenia pectinata high 45.5 0.2935
Utricularia vulgaris high 25.3 0.5051
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Results of a pRDA indicated that percent woodland, chlorophyll-a, percent grassland and open
water area were significant sources of variance for macrophyte cover, which together explained 23.2% of
the variation (Figure 5.5, Table 5.7). Region accounted for 2.7%, covariance for 0.7%, and 74.8% of the

variance was unexplained.

Spec
» %GRA

1.0 ' ' 1.0

Figure 5.5. Ordination plot of the partial RDA of macrophyte cover constrained by environmental variables
while controlling for region (Regions: Grant County (0), Itasca (o), Red Lake (X), Windom (A);
Environmental Variables (in bold): chlorophyll-a concentrations (chl-a), open water area (OWT), percent
grassland (% GRA), percent woodland (%WDL); common macrophyte or algae species (occurred in >7%
of the shallow lakes sampled): Ceratophyllum demersum (Cd), Chara spp. (Csp), flamentous algae (Fa),
Lemna trisulca (Lt), Myriophyllum sibiricum (Ms), Najas flexilis (Nf), Potamogeton pusillus (Ppus),
Potamogeton richardsonii (Pr), Potamogeton zosteriformis (Pz), Sagittaria cristata (Sag), Sparganium
americanum (Spg), Stuckenia pectinata (Spec), Utricularia vulgaris (Uv)).
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The results of the pRDA showed a pattern similar to the results of the indicator species analysis
where certain species were associated with different regions. Chara spp., Myriophyllum sibiricum,
Utricularia vulgaris, Sparganium americanum, Najas flexilis and Sagitaria cristata cover were positively
associated with lakes in watersheds dominated by woodland. These included lakes in the ltasca and Red
Lake regions. Potamogeton zosteriformis, Ceratophyllum demersum, filamentous algae, Lemna trisulca
and Stuckenia pectinata cover were positively associated with lakes in watersheds dominated by
grassland while Potamogeton richardsonii and Potamogeton pusillus were positively associated with
lakes with large open water areas and high chlorophyll-a concentrations. These included lakes in the
Grant County and Windom regions.

Results of a pCCA showed that /<63 um, LOI, percent cropland (hay and grains), percent
woodland, and turbidity were significant sources of variance of macrophyte biomass, and collectively
explained 35.6% of the biomass variation (Figure 5.6, Table 5.7). Region accounted for 6.8%, covariance
for 0.9%, and 58.5% of the variance was unexplained. Potamogeton richardsonii and Stuckenia pectinata
were positively associated with turbidity while Ceratophyllum demersum, Myriophyllum sibiricum, Lemna
minor and filamentous algae were positively associated with /<63 and percent cropland (hay and grains).
Potamogeton natans, Potamogeton amplifolius and Brasenia schreberi were positively associated with
lakes in watersheds dominated by woodland and high LOI.

5.4.2. Water chemistry

Lake turbidity, Ca, Mg, Mn, Na, S, Si and Sr concentrations varied among regions and also
among lakes within regions (Table 5.8). Lakes in Windom had significantly higher turbidity than lakes in
Grant County, Itasca and Red Lake. However, lakes in Itasca and Red Lake had similar turbidities. A
comparison of lakes grouped according to macrophyte abundance showed that high macrophyte lakes
tend to have significantly lower turbidities than low macrophyte lakes. Lakes also had significantly
different pH among regions and among lakes within regions, and pH decreased in the order of
W>GC>IT>RL. Lakes with low and high macrophyte abundance did not vary significantly in pH.

Lakes in Grant County and Windom had higher Ca and Sr concentrations compared to lakes in ltasca
and Red Lake. Lakes in Itasca had significantly lower concentrations of Ca compared to Red Lake.

Concentrations of Mg, Na, S and Si varied significantly in the order of GC>W>RL>IT. Lakes in Grant
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County, Itasca and Red Lake had similar concentrations of Mn and were all significantly higher in Mn
compared to lakes in Windom. Lakes with high macrophyte abundance had higher Mn and lower Si

concentrations compared to lakes with low macrophyte abundance.
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Figure 5.6. Ordination plot of the partial CCA of macrophyte biomass constrained by environmental
variables while controlling for region (Regions: Grant County (0), ltasca (o), Red Lake (X), Windom (A);
Environmental Variables (in bold): /<63 um; %LOlI, turbidity, percent cropland for hay and grains (%OAG),
percent woodland (%WDL); common macrophyte or algae species (e) (occurred in >7% of the shallow
lakes sampled): Brasenia schreberi (Bras), Ceratophyllum demersum (Cd), Chara spp. (Csp), flamentous
algae (Fa), Lemna trisulca (Lt), Lemna minor (Lm), Myriophyllum sibiricum (Ms), Najas flexilis (Nf),
Potamogeton amplifolius (Pam), Potamogeton natans (Pn), Potamogeton richardsonii (Pr), Potamogeton
zosteriformis (Pz), Sagittaria cristata (Sag), Stuckenia pectinata (Spec), Utricularia vulgaris (Uv)).
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Table 5.7. Results of partial redundancy or canonical correspondence analysis* models of macrophyte
cover, macrophyte biomass, water and sediment chemistry using environmental variables and
covariables (Variance proportions calculated according to Borcard et al. (1992); p<0.05).

Species matrix Variance Class  Variables %Variance explained  p-value
Macrophyte cover Environmental %Woodland 8.3 0.002
Chlorophyll-a 14.8 0.002
Grassland 19.9 0.006
Open water area 23.7 0.008
Covariable Region 2.7 0.002
Covariance -0.7
Total 25.2
Macrophyte biomass* Environmental LOI 134 0.002
f<63um 9.2 0.002
%Hay and grains 71 0.004
%Woodland 4.4 0.01
Turbidity 1.5 0.006
Covariable Region 6.8 0.002
Covariance -0.9
Total 41.5
Water chemistry Environmental %Agriculture 58.8 0.002
%Woodland 25 0.002
Covariable Region 9.1 0.002
Covariance -3.0
Total 67.4
Sediment chemistry Environmental %Woodland 43.2 0.002
Lake watershed area 131 0.002
f<63um 3.2 0.006
LOI 2.1 0.018
Covariable Region 3.0 0.002
Covariance 3.7
Total 68.2
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Principal components analysis showed a grouping pattern distinguishing between lakes of the
different regions based on water element concentrations (Figure 5.7). Variance explained by PCA
ordination axis 1, the only significant axis (p<0.01) was 70%. Axis 1 was generally related to higher Ca,
Mg, Na, S, Si, Sr, turbidity and chlorophyll-a while Axis 2 was related to higher Mn concentrations. Most
of the lakes in the Windom region clustered together and were related to high Ca, Si, chlorophyll-a and
turbidity and low Mn. The lakes in the Itasca and Red Lake Region grouped together opposite to the
Windom sites indicating that the former sites were lower in Ca, Si, chlorophyll-a and turbidity. Some of
the lakes in Grant County grouped together in the lower left of the graph and were related to high Mg, Na,
S and Sr concentrations.

Results of a pRDA showed that percent woodland and percent agriculture cover were significant
sources of variance explaining 58.3% of the variation in element concentrations in the lake waters (Figure
5.8, Table 5.7). Region as a covariable explained 6.1% and covariance (shared variance) explained 3%
of the variation while the remaining 32.6% was unexplained. Percent woodland was inversely associated
with Ca, Mg, Na and Si. Percent agriculture was positively associated with S and Sr and inversely
associated with Mn. Percent woodland was associated with lakes in the Itasca and Red Lake regions
while percent agriculture was associated with lakes in the Grant County and Windom regions.

5.4.3. Sediment chemistry

The LOI (estimate of organic matter content) varied among regions and among lakes within
regions (Table 5.9a). Lakes in the Red Lake region had significantly greater LOI than Grant County,
Itasca and Windom. Lakes in the Windom region had the lowest LOI of the four regions. The f<63 ym
varied significantly among regions but was similar among lakes within regions. Lakes in Grant County
and Windom had significantly higher /<63 um in their sediments compared to lakes in Itasca. Lakes in the
Red Lake region had significantly lower f<63 pm in their sediments compared to lakes in Windom. The
LOI and /<63 pym in the sediment were not significantly different between lakes of low and high

macrophyte abundance.
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Table 5.8. Average chlorophyll-a concentrations (chl-a, ug I'1), turbidity (NTU), pH and element concentrations (mg I'1) for the water of 45 shallow
lakes in Minnesota (average + standard deviation, n = 5-10, * indicates data collected by the MN DNR in July of the same year).

Lake *chl-a turbidity pH Ca Mg Mn Na S Si Sr

GCO01 1.9 2.1+1.0 9.340.1 15.541.2 22.5+1.5 0.21+0.01 3.740.3 0.63+0.10 4.204+0.77 0.05+0.004
GCO02 164 4414 8.840.1 21+1.8 31.5+2.3 0.23+0.02 5.410.4 2.23+0.10 16.6+0.73  0.09+0.008
GCO03 7.6 2.6£0.6 8.310.1 7314.0 18317.9 0.24+0.05 105.844.9 3144125 242+0.25 0.410.025

GCo04 134 4112 8.4+0.1 78.415.2 85.2+3.7 0.28+0.08 43.6x2.3  142.1+11 22.3+0.73 0.44+0.027

GCO05 13 3.9+0.3 8.8+0.1 40.1+0.7 92.8+1.8 0.2+0.01 38.8¢0.5 75.310.4 12.4+0.41  0.240.005

GCO06 6.8 2.6+0.8 8.2+0.6 25.7+7.8 44.1+3.3 0.27+0.13 13.311.0  9.34+1.10 1.46+0.88 0.09+0.022
ITO1 1.9 1.2+0.3 5.740.1 1.410.1 1.0+0.5 0.20+0.00 0.5+0.0 0.20+0.03  0.07+0.02  0.04+0.000
ITO2 16 10.1£1.2 9.240.3 3.110.1 1.5+0.3 0.20+0.001 0.6+0.0 0.31+0.05 0.28+0.02  0.04+0.000
ITO3 14 24404 6.810.02  2.840.3 1.6+0.2 0.20+0.00 0.5+0.0 0.24+0.10 0.07+0.03  0.04+0.000
ITO4 3.1 1.240.5 7.2+0.2 3.8+0.4 1.410.3 0.20+0.00 0.7+0.2 0.27+0.10  0.13+0.01  0.04+0.000
ITO5 1.5 0.9+0.2 8.0+0.1 13.1£2.0 7.610.5 0.20+0.00 1.1£0.1 0.22+0.04 0.41+0.10  0.04+0.000
ITO6 5.3 4.11+0.2 7.6+0.2 28.7+2.2 6.8+£0.3 0.20+0.002  0.940.3 0.20+0.03  1.91+0.07  0.04+0.000
RLO1 7.8 6.1+0.8 7.610.04  36.9+0.9 11.740.2 0.20+0.00 1.310.1 0.26+0.03 2.96+0.04 0.04+0.001
RLO2 3.4 1.2+0.2 7.8+0.2 12.0£1.2 6.5+0.5 0.20+0.00 0.5+0.0 0.17£0.01 1.01£0.04 0.04+0.00

RLO3 2.0 0.840.2 8.11+0.3 37.313.4 13.8+1.0 0.20+0.003 1.4+0.3 0.33+0.10 4.69+0.17 0.04+0.002
RLO4 2.8 0.8+0.1 7.6£0.1 29.2+2.5 12.2+0.9 0.20+0.003 1.240.2 0.26+0.03  9.49+0.79  0.05+0.004
RLO5 4.4 1.240.3 7.7+0.1 12.6+1.2 4.240.3 0.20+0.00 0.5+0.1 0.25+0.10 0.59+0.04 0.04+0.00

RLO6 2.6 2.9+0.7 7.610.1 33.5+3.2 15.4+1.0 0.20+0.00 1.74£0.2 0.22+0.03 8.66+0.31  0.04+0.002
RLO7 3.2 22404 - 13.611.1 6.1+0.5 0.22+0.01 2.940.5 0.35+0.05 5.57+0.22 0.04+0.001
RLO8 3.6 3.3t06 - 15.3+1.2 5.6£0.4 0.25+0.04 2.240.2 0.34+0.10 6.65+0.22 0.04+0.002
RLO9 4.6 26+0.7 - 27.0+0.2 7.1£0.2 0.29+0.05 2.4+0.1 0.82+0.10 8.25+0.13 0.07+0.001
RL10 6.0 43106  --—-- 19.5+1.4 6.7+0.2 0.27+0.02 2.4+0.6 0.38+0.04 4.55+0.13 0.05+0.004
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RL11
RL12
WO1
W03
wo4
W05
WO06
wo7
W08
W09
W10
W11
W12
W13
w14
W15
W16
w17
W18
W19
W20
W21

1.3
2.4
68
81
63
14
99
63
32
119
13
76
109
15
4.9
37
72
143
3.1
49
386
16

20.4+2.5
10.31£0.7
44.1£2.6
32.3+8.3
31+7.8
3549
4419

8.4+0.7
4.8+0.2
20.2+1.6
28.0+4.5
25.6+£2.9
29.6+3.1
28.5+3.4
30.2+4.3
20.7+£3.3
32.7+1.8
33.5+12.2
20.8+1.9
39.4+3.8
45.4+4.2
44.942.9
34.3x1.5
27.9+2.8
27.7£1.2
27.8+2.5
32.6+2.0
33.2+1.4
35.242.5

Table 5.8 (continued)

0.20+0.01
0.21+0.01
0.04+0.02
0.06+0.06
0.04+0.02
0.06+0.04
0.05+0.02
0.03+0.02
0.04+0.03
0.05+0.04
0.07+0.02
0.07+0.04
0.04+0.03
0.07+0.04
0.05+0.03
0.05+0.02
0.03+0.02
0.55+0.37
0.05+0.02
0.06+0.04
0.09+0.04
0.32+0.35

2.5+0.7
2.120.4
4.0+0.5
6.5+1.1
5.5+0.6
5.9+0.7
9.9+3.4
6.7+1.4
3.910.8
7.3£0.7
7.0£2.9
4.7+0.7
5.9+0.9
9.9+3.4
8.3+2.7
5.7+0.4
4.3+0.9
4.2+0.2
4.0+0.6
5.6+1.0
5.1+0.6
5.4+0.5

0.77+£0.10
0.3+0.1
7.6£0.5
16.246.9
12.745.2
6.6+3.0
17.1£1.5
14.413.9
4.04+1.2
8.04+0.4
10.6+4.9
2.02+0.1
8.65+2.3
30.8+19
36.1+7.9
22.2+0.5
9.66+6.6
2.86+2.7
1.75+£3.5
11.242.0
13.3+1.9
5.47+3.3

7.45+0.38
2.56+0.11
13.2£0.99
9.59+4 1

15.04£6.45
13.34£6.79
15.6+5.85
18.545.17
5.61+3.56
15.1£1.52
11.0+4.06
13.84£0.77
13.4+£1.11
9.47+3.91
12.843.18
7.45%1.74
6.61+0.57
11.3+£3.22
25.6+5.51
20.1+4.42
26.7+5.11
5.0+£7.95

0.07+0.006
0.04+0.000
0.20+0.010
0.20+0.05
0.19+0.04
0.19+0.02
0.23+0.01
0.21+0.05
0.10+0.03
0.19+0.01
0.21+0.08
0.16+0.01
0.21+0.02
0.34+0.11
0.44+0.02
0.20+0.01
0.18+0.01
0.19+0.01
0.16+0.03
0.24+0.03
0.25+0.02
0.14+0.05
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Figure 5.7. PCA ordination diagram showing how shallow lakes of different regions group out according to element concentrations in the water
with turbidity and chlorophyll-a concentrations (chl-a) as overlays from the explanation matrix (Vectors indicate the direction of increasing
concentrations or turbidity and their length reflects the magnitude of the association with the ordination axes).




A
O
i A
X Si
1 Mn %
AA Ca Na
Mg
¥ g T Sr
| By TEL S
""""" X g a a \\\\"t
,,,,,,, O
a7 X %AG
1 %WDL ¥ O
1.0 1.0

Figure 5.8. Ordination plot of the partial RDA for water chemistry variables constrained by environmental
variables while controlling for region (Regions: Grant County (0), Itasca (o), Red Lake (X), Windom (A);
Environmental variables (in bold): percent woodland (%WDL), percent agriculture (%AG); water chemistry
variables: Ca, Mg, Mn, Na, S, Si, Sr concentrations).

Concentrations of Al, As, B, Ba, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Fe, Ga, Gd, K, La, Li, Mg, Mn,
Mo, Na, Nd, Ni, P, Pb, Pr, Rb, S, Sc, Sm, Sr, Th, U, V, Y, Zn and Zr varied significantly among regions
and among lakes within regions (Table 5.9). Concentrations of As, Cd, Cu, Fe, K, P, Rb, U were
significantly greater in Grant County and Windom compared to the ltasca and Red Lake regions. Lakes in
Grant County had the highest concentrations of B, Ca, Mg, Mn, Mo, Na, S and Sr while lakes in Windom
had the highest concentrations of Ce, Co, Cr, Dy, Ga Gd, La, Li, Nd, Ni, Pb, Pr, Sc, Sm, Th, V, Y and Zn.
Lakes in Itasca had the highest Ba concentrations compared to Grant County and Windom. The highest
concentrations of Cs occurred in Grant County, Windom and Itasca while the highest concentrations of Zr

occurred in Windom and Red Lake. The lowest concentrations of Al, As, Co, Mg, Rb, Sr, Th and U

occurred in ltasca and Red Lake and the lowest concentrations of Mo and Na in Windom, Itasca and Red
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Lake. The lowest concentrations of Ce, Cr, Cs, Cu, Dy, Fe, Ga, Gd, K, La, Li, Nd, Ni, Pr, Sc, Sm, Vand Y
occurred in the Red Lake region while the lowest concentrations of B, Ca, Cd, Mn, P, Pb, S, Zn and Zr
occurred in the Itasca region. A comparison of lakes with low and high macrophyte abundance revealed
that lakes with high macrophyte abundance had significantly higher B, Ba, Ca, Mo, P, S, Sr, U and Zr in
the sediment than lakes with low macrophyte abundance.

Principal components analysis grouped lakes of different regions based on element
concentrations in the sediment (Figure 5.9). Variance explained by PCA ordination axis 1 was 65%, while
axis 2 explained an additional 14%. Both axis 1 and axis 2 were significant (p<0.01). Axis 1 was
generally related to higher Al, As, B, Cd, Ce, Co, Cr, Cs, Cu, Dy, Fe, Ga, Gd, K, La, Li, Mg, Nd, Ni, P, Pb,
Pr, Rb, Sc, Sm, Th, U, V, Y, Zn, Zr and LOI while Axis 2 was related to higher Ca, Mn, Mo, Na, S, Sr and
f<63 um. Lakes in Grant County and Windom grouped together and were related to high concentrations
of most of the elements measured. Most of the Windom lakes were associated with high concentrations
of the Lanthanoids (Ce, Dy, Gd, La, Nd, Pr, Sm) and other elements (Al, Co, Cr, Cs, Cu, Fe, Ga, K, Li,
Ni, Pb, Rb, Sc, Th, V, Y, Zn). Most of the Grant County lakes are associated with high concentrations of
As, B, Ca, Cd, Mg, Mo, Mn, Na, P, Sr, S, U, Zr and /<63um. Most of the lakes of the Red Lake region are
associated with high LOL.

Results of a pRDA showed that percent woodland, lake watershed area, <63 ym and LOI were
significant sources of variance which collectively explained 61.5% of the variation in element
concentrations in the sediments (Figure 5.10). The covariable, region explained 2.1% and covariance
explained 4.4% of the variation while the remaining 32% was unexplained. Percent woodland was
positively related with Ba and was associated with lakes in the Itasca and Red Lake regions. Percent
woodland was also inversely associated to /<63 ym and most of the major elements (B, Ca, K, Na, Mg, P,
S) and several metals (As, Cd, Mn, Mo, Pb, Sr, U, Zn, Zr). Watershed area had a strong positive
association with LOI and was inversely related to most elements in the sediment including the rare-earth
metals (Ce, Dy, Gd, La, Nd, Pr, Sm) and several other metals (Al, Co, Cr, Cs, Cu, Fe, Ga, Li, Ni, Rb, Sc,
Th, V, Y). Lake watershed area and LOI proportions was greatest for most lakes in the Red Lake region.

Most of the elements were positively associated with lakes in the Grant County and Windom regions.
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Table 5.9a. Mean loss-on-ignition (LOI, % dry soil), soil particles smaller than 63 ym (f<63um, % dry soil) and element concentrations (in pmol g'1,
except where indicated by 1 for nmol g'1 and 1 in mmol g'1) of sediments for 45 shallow lakes in Minnesota (meanzstandard deviation, n = 5-10).

Lake LOI f <63 Al TAs B Ba iCa 1Cd 1Ce 1Co Cr 1Cs Cu

GCO01 2543 9544 35079 42121 1.840.1 0.35+0.21 1.24+0.19 3.0+0.8 147421 9015 0.23+0.06 5.5+¢1.0 0.18+0.02
GCO02 16+7 85124 2801100 47122 2141 0.34+0.14 1.88+0.50 2.7+#1.4 130428 7522 0.20+0.07 4.742.2  0.16+0.08
GC03 642 77127 360110 79441 3.241 0.36+£0.11 1.52+0.37 3.5%1.3 164116 96124 0.29+0.10 5.841.8 0.22+0.08
GC04 842 85+17  390%+130 137+45  3.6%1.1 0.30+0.17 1.53+0.57 4.3%1.3 173+27 104423 0.32+0.08 6.1%1.2  0.24+0.07
GCO05 1413 8719 330+20 47423 2.7+0.3 0.30£0.03 1.90+0.12 3.4+04 14316 9549 0.25+0.02 5.5+0.4  0.2+0.02
GCO06 1818 93+3 42075 80+15 2.0£0.4 0.19£0.09 0.95+0.31 3.8¢1.0 167425 9011 0.2940.05 5.0+0.9 0.24+0.02
ITO1 3216 43+23  540+180 7110 0.5£0.2 0.69+0.21 0.08+0.01 4.0+1.7 244477 9554 0.48+0.19 7.742.3 0.31+0.15
ITO2 22417 71431 520+170 1012 0.3+0.2 0.51+0.21 0.08+0.02 1.9+1.1 212448 7136 0.45+0.15 6.842.0 0.22+0.10
ITO3 1819 50+15 490150 2519 0.4+0.2 0.58+0.19 0.10+£0.02 3.3%1.9 214467 9334 0.50+0.13 7.0+2.5 0.28+0.12
ITO4 33 34+13 230456 518 0.1740.04 0.20+0.09 0.06+0.02 1.6+2.4 109422 4619 0.24+0.05 3.0+1.1  0.06+0.03
ITO5 2148 9516 83161 118+71  0.840.7 1.19+0.33 5.48+1.59 1.7+1.1 42435 31115 0.08+0.07 1.7#1.2  0.06+0.03
ITO6 4+4 24+10 180449 515 0.2+0.1 0.20+0.08 0.08+0.02 0.9¢0.4 103+23 4613 0.2240.14 2.6%1.0 0.05+0.01
RLO1 42+19  57+20 240487 178 1.420.6 0.56+0.22 0.44+0.27 6.0+4.2 126461 62+32 0.19+0.07 4.841.6 0.16+0.06
RLO2 33116  65+16  340+80 21+15 1.1£0.2 0.55+0.11 0.21+£0.05 4.5#3.5 179448 7519 0.32+0.10 5.841.5 0.18+0.02
RL0O3 35+10  81+22 100433 2320 0.8+0.3 0.68+0.56 2.50+2.15 2.241.1 51122 42+19 0.10+0.04 2.24¢0.8 0.07+0.02
RLO4 30+11 67+22 220171 37128 1.240.2 0.46+0.13 0.39+0.14 3.330.9 135+28 67+30 0.2310.09 4.2+0.5 0.19+0.05
RL0O5 42+17  55+30 21032 26115 1.01£0.2 0.55+0.17 0.97+1.34 4.2+21 110+17 96122 0.1940.08 4.3+0.6 0.14+0.03
RL0O6 1718 99+1 32419 32421 0.4+0.2 1.87+0.19 6.58+1.08 0.8+0.4  14+10 25413 0.024¢0.01 0.9+0.5 0.02+0.02
RLO7 50134 8819 140428 2316 1.1£0.2 0.18+0.10 0.34+0.03 3.4+1.1  51x11 45+7 0.10+£0.02 3.6+0.7  0.07+0.01
RLO8 5114 88167 160119 19+19 1.240.3 0.19+0.07 0.28+0.02 4.1+0.5 574 5113 0.10+0.01  4.3+0.7  0.08+0.01
RLO9 48+4 7915  130t14 2515 1.210.3 0.06+£0.04 0.56+0.22 3.1+0.6 47+3 4314 0.0840.03 3.5+0.2  0.07+0.01
RL10 5115 78+22  140%14 34126 1.540.2 0.09+0.02 0.33+0.05 3.1+0.8 58+17 50+16 0.124¢0.03 3.5+0.3  0.09+0.01
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RL11
RL12
W01
W03
W04
W05
W06
Wo7
W08
W09
W10
W11
W12
W13
W14
W15
W16
W17
W18
W19
W20
W21

47+4
59+12

89+12
80+30
94112

130+13
110+42
33052
550+120
420462
610+83
57061
390£130
250+140
290+180
530+92
600+£140
190+£160
870+200
68067
360+95
470110
690+110
470495
480+150
480483
620+130

1548
17120
81111
1087
92+17
112119
101+14

103+20
85+18
102427
86113
121125
107124
73134
106+30
82114

1.840.2
1.240.1
1.740.4
2.11+0.4
1.840.2
2.11£0.3
2.240.2
3.0£0.5
0.7+0.2
1.1£0.5
2.0£0.4
1.9140.5
0.8+0.4
2.4+0.5
1.9+0.3
1.840.5
1.840.2
1.940.2
1.910.4
1.410.4
2.2+0.3
1.7+£0.3

Table 5.9a (continued)

0.07+0.04
0.27+0.18
0.14+0.03
0.21+0.09
0.16+0.02
0.37+0.28
1.05+0.38
0.27+0.20
0.47+0.23
0.22+0.14
0.27+0.16
0.57+0.33
0.39+0.30
0.76+0.41
0.18+0.05
0.26+0.17
0.23+0.14
0.19+0.04
1.08+0.26
0.35+0.25
0.18+0.04
0.93+0.23

0.68+0.31
0.39+0.10
1.78+£0.27
1.79+0.21
1.79+£0.15
1.32+0.21
1.32+0.25
1.31£0.32
1.31£0.21
0.55+0.22
0.55+0.31
0.55+0.22
0.55+0.05
0.51+0.15
0.51+0.70
0.96+0.33
0.96+0.54
0.77+0.22
0.77+0.34
0.52+0.22
0.52+0.50
0.70+0.42

3.3£0.5
3.2+15
5.3+1.8
6.0+1.3
4.7+0.5
5.0£0.5
4.840.3
4.9+2.3
1.320.8
2.4+2.0
4.810.5
59+4.4
1.0£1.3
5.9+1.3
4.7+0.3
3.9+1.7
3.6£0.4
4.410.6
4.240.5
4.2+1.5
4.2+0.3
4.6+0.9

44114

169121
23526
213114
244117
253121
162124
171137
174150
221126
254158
132161
313439
229115
193121
196135
287+39
227+39
235151
198+23
276143

32115
115+10
14116
13116
14117
14819
1039
62118
100+27
11011
139428
76139
152416
112411
116125
11022
169+14
142417
124452
13117
143+14

0.09+0.02
0.08+0.03
0.32+0.06
0.47+0.09
0.39+0.03
0.51+0.07
0.50+0.06
0.34+0.09
0.26+0.10
0.28+0.12
0.44+0.09
0.48+0.09
0.22+0.11
0.68+0.13
0.52+0.04
0.35+0.07
0.38+0.08
0.56+0.08
0.40+0.08
0.42+0.11
0.42+0.07
0.53+0.09

3.3£0.3
2.7+1.2
4.6+1.0
6.0+0.7
5.5+1.0
5.9+0.8
5.7+0.4
4.841.2
3.4+1.7
4.1+2.1
4.4+1.0
57+1.4
2.8+1.7
6.610.9
6.1£1.8
4.841.0
5.3+1.2
6.910.7
5.7+1.3
5.6+1.4
6.41£1.9
5.8+2.1

0.08+0.01
0.06+0.02
0.22+0.03
0.27+0.01
0.25+0.06
0.31+0.05
0.27+0.03
0.22+0.01
0.09+0.05
0.15+0.10
0.25+0.03
0.24+0.07
0.08+0.10
0.36+0.04
0.31+0.02
0.22+0.10
0.26+0.05
0.28+0.05
0.24+0.03
0.26+0.14
0.24+0.04
0.29+0.05
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Table 5.9b. Mean element concentrations (in pmol g, except where indicated by 1 for nmol g™ and t in mmol g') of sediments for 45 shallow
lakes in Minnesota (meantstandard deviation, n = 5-10).

Lake 1Dy Fe 1Ga 1Gd K tLa Li Mg Mn Mo Na TNd Ni

GCO01 7.8+1.2 220445 3510 11.241.7 3947 7711 1.0£0.2 270433 13.1£4.2 1545 8+3.9 66110 0.24+0.03
GC02 6.5+1.7 210465 30112 9.2+2.1 37420 67+11 1.0+0.2 550+350 14.046.5 18%12 15+10 57412 0.22+0.07
GC03 9.5+1.8 230474 40+11 12.842.2 59420 8319 2.310.7 580485 10.1£4.3 1547 2544 76110 0.31+0.10
GC04 1017 25077 46115 13.622.1 61120 88+13 2.0£0.5 510140 10.2+¢2.5 3017 1542 80114 0.33+0.08
GC05 8.5+0.7 22023 3412 11.320.7 6316 7543 1.6+£0.3 49043 16.312.4 1949 1942 6413 0.27+0.03
GC06 9.4+1.4 23031 4518 13.1£2.0 397 87413 1.110.2 230+34 8.4+1.3 34+17 6.5£2.7 77+12 0.29+0.03
ITO1 9.0£3.2 140451 5617 13.5+4.4 3010 121£39  1.3+0.5 86131 2.440.3 1419 9.4+7.8 101x36 0.32+0.14
ITO2 8.0£2.3 16050 52116 12.242.8 3110 111+25 1.3+0.4 89128 1.910.5 45149 6.5£2.8 88+19 0.26+0.11
ITO3 8.8£3.0 16037 53117 13.244.7  26%10 111£33  1.3#0.3 110421 2.1+0.5 8.0+4.8 8.6+2.8 97+31 0.31+0.11
ITO4 3.9+1.2 100%16 3014 6.2+1.5 1243 60+11 0.8+0.1 79+15 1.5£0.1 1.1£1.0 6.2+24 4810 0.14+0.02
ITO5 1.841.5 230+200 5.5%7.3 2.6%+2.2 7.2+3.6 21+16 0.3+0.2 190+29 5.7+2.8 25+10 8.5t4.6 17+15 0.12+0.03
ITO6 3.5+0.5 120426 2516 5.310.6 1112 5419 0.8+0.2 81116 1.3£0.4 0.4+0.1 4.7+3.6 4217 0.13+0.05
RLO1 49421 140433 26110 7.613.5 2116 65129 0.8+0.3 130427 2.3+1.0 15+10 8.216.1 52424 0.17+0.07
RLO2  7.6+1.8 150425 3818 11.7429 3517 90124 1.1£0.3 120+14 2.5+0.5 7.5£3.5 6.6x4.5 78120 0.25+0.07
RLO3  2.2+0.8 70+22 8.746.3  3.3t1.1 9.5£3.5 27+11 0.3+0.1 110448 2.441.3 1619 74459 2249 0.13+0.04
RLO4 6.1+1.4 10044 2549 8.9+1.8 2317 7015 0.7+0.2 110+33 2.9+0.4 34+17 4.4+3 60+13 0.22+0.07
RLO5 4.7+0.8 14012 1813 6.7£1.2 1842 5619 0.60.1 140+33 2.9+0.5 2016 1117 45+7 0.20+0.04
RLO6  0.840.3 47+16 0.3+0 1.240.5 5.8t2.3 7.9+41 0.110.1 210+26 4.1+1.1 1318 7+4.7 713 0.10£0.01
RLO7  2.5%0.5 6316 1242 3.610.7 153 2615 0.4+0.1 9717 7.1£1.5 6.5£2.3 171 2215 0.09+0.01
RLO8  2.840.3 6216 1341 4.21+0.3 1713 3042 0.39+0.04 85+2 5.610.3 7.610.7 1243 25+2 0.11+0.01
RLO9  2.640.1 9413 1141 3.7£0.3 1312 2441 0.33+0.04 10047 12.0£1.1  8.9+1.3 12+4 21%1 0.10+0.01
RL10  3.0£0.6 86+20 1413 42413 16+1 3048 0.4+0.1 10016 9.5+2.3 9.1+2.9 1543 2617 0.11£0.04
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RL11
RL12
W01
W03
W04
W05
W06
Wo7
W08
W09
W10
W11
W12
W13
W14
W15
W16
W17
W18
W19
W20
W21

2.610.1
2.310.8
1041
15421
1310.8
1540.6

13013
76+21
24055
41047
330+59
390+35
370+35
23062
140+£92
190£130
250+65
340+93
120+£110
450+78
33061
260+99
28077
460166
26070
270£100
39052
360+86

62+18
24121

5317
53+10
64+13

3.6+0.3
3.4%1.2
13.5£1.2
19.7£2.7
17.6£1.1
20+1.5
19.5+1.9
13.2£2.3
11+£3.4
13.1£5.5
17.2+£2.0
20.2+3.8
9.0+£5.1
264.8
20117
15.4£1.8
16.4+3.2
23.2+3.6
16.9+2.4
18.3£2.5
15.6£1.7
21.6%4.0

132
1245
3516
47+7
4514
4817
4315
317
20110
3117
4248
49112
20116
62113
4416
39+11
385
5710
4049
45114
4415
54114

Table 5.9b (continued)

2411

122411
12711
81x12
8419
87x23
109+12
126+29
6530
160+£22
11949

96117
139121
111+£21
113121
96+11
139124

0.3+0.1
0.3+0.2
1.440.3
2.11+0.4
1.7£0.3
2.11£0.3
2.11£0.3
1.410.4
0.8+0.3
1.240.7
1.810.4
2.11+0.6
0.8+0.5
2.8+0.5
2.610.4
1.5+0.4
1.810.4
2.510.5
1.610.4
1.7x0.5
1.9+0.3
2.11+0.4

11010
100£11
310£30
310£35
320+36
25030
200447
160+£59
130£120
24086
220+69
200+49
21072
26061
24022
28040
220+54
220+54
200+54
210£90
260+13
23073

17.6£1.5
14.817.7
12.4+1.8
14.3+1.2
12.5¢1.4
11.5£1.0
13.411.6
8.7+2.1
3.914.2
4.8+3.0
7.9+3.0
8.51£2.6
2.7+2.0
6.9+2.0
3.7¢+1.4
9.1+3.8
8.014.1
11.614.0
9.9+2.7
5.812.6
18.412.6
10.5t4 .4

59+2.4
4.6x2.0
1543
102
1243
8.5+2.4
8.6x4.7
35+11
2.1+1.1
8.517.6
2049
1848
3.916.4
6.7+2.2
2049
1315
1543
134
165
104
1716
9+7

1243
11+4
8.5+2.4
9+1.9
16121
9.9+3.1
113
8.7£1.9
6.9+1
7.2+1.9
9.9+1.3
7.3£0.8
6.6+0.7
9.5+1.4
9.6+2
7.3¢1
6.3+1
7117
7.9+2.6
7.2t1.4
7.1+0.7

7.4+1.7

21.6+0.6
2047
79+10
11517
10217
118110
118+12

104+12
121126
59+31
155+23
1188
9012
95119
135120
105+20

130+£22

0.11+0.01
0.07+0.03
0.32+0.06
0.41+0.02
0.35+0.05
0.42+0.04
0.42+0.03
0.3+0.03

0.15+0.06
0.24+0.13
0.39+0.04
0.39+0.09
0.14+0.1

0.47+0.06
0.37+0.03
0.31+0.1

0.31+0.04
0.45+0.06
0.38+0.04
0.41£0.23

0.37+0.03
0.42+0.06
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Table 5.9c. Mean element concentrations (in umol g™, except where indicated by 1 for nmol g and 1 in mmol g™') of sediments for 45 shallow

lakes in Minnesota (meantstandard deviation, n = 5-10).

Lake P TPb TPr Rb S tSc tSm Sr 1tTh TU \Y Y Zn tZr
GCO01 29+2 4820 18+3 180£35  140+23 3417 1242 0.73+0.13 71 7.1£0.3 0.49+0.12 74+11 0.77+0.11  45%3
GC02 23x10 3820 163 160£73  250+165 3310 10+2 1.12£0.59 71 116 0.45+0.19 65+21 0.94+0.68 3910
GC03 214 5120 20+2 190+54  240+80 48+11 152 242097 9+2 2610 0.74+x0.22 92%15 0.81+x0.27 4113
GC04 21#4 42+20 2214 210#61  350+152 5311 15+3 1.68+0.43 11+1 18+8 0.82+0.18 10017 0.98+0.38 54+11
GC05 25+2 5119 17+1 180+16 30016 3745 12+1 2.26+0.14 8+2 12+3 0.55+0.06 774 0.84+0.08 4216
GC06  30+2 49+7 21+3 170+25 21084 4619 15+2 0.73+0.15 10+2  35%12 0.70+0.10 87%13 0.92+0.11 56%10
ITO1 234 3719 2910 180£73  59%17 2814 17+6 0.25+0.06 21 2.810.6 0.60+0.22 83+33 1.09£0.90 22+17
ITO2 176 3648 2516 180+71  33%16 3713 153 0.22+0.06 5+2 24106 0.5%0.21 66120 0.63+x0.25 2218
ITO3 164 3310 27%9 160+63  45+18 4914 17+6 0.21+£0.04 412 24109 0.55+x0.15 83+30 0.88+0.39 3719
ITO4 8+2 1845 14+3 66+21 9.446.3 256 8.1+1.8 0.16+0.02 5+2 1.320.4 0.27+0.05 3449 0.26+0.08 95
ITO5 13+4 9+7 5+4 31+21 120+21 117 3.1#2.6 1.25+0.30 3#2 2.6+0.6 0.16+x0.08 18+14 0.21+0.17 3048
ITO6 7+1 19+7 1242 66+19 7+3 27+9 6.9+1.2 0.1320.02 7+4 1.6+0.5 0.26+0.09 3145 0.25+0.09 2549
RLO1 2348 4330 157 150£38 7938 2112 9.2+45 0.2£0.07 7#4 46224 0.39+x0.15 4618 1.28£0.86 41+22
RLO2 2214 62+70 2216 160£37  49+21 33+10 14+4 0.18+0.01 82 3.210.6 0.52+0.12 71x15 0.97+0.38 5519
RLO3 144 14+10 63 47.3¥23 160+48 10+4 3.9+1.6 0.52+0.35 3%2 3.8£#1.1  0.15%£0.06 22+7 0.46+0.24 27x7
RLO4  27+4 26+7 16+3 200+£53 110424 2611 11+2 0.29+0.07 743 7.1£2.0 0.32+0.11 57%15 1.0+0.35  40+18
RLO5  22+4 17+4 13+2 11012 110+11 23+2 7.8£1.3 0.32+0.31 6+1 3.7¢1.3 0.35+0.08 47+8 0.83+0.19 5247
RLO6 74 2.6+2 2+1 18.1£10 10026 5+2 1.220.6 1.33+0.15 1£2 1.2£0.6 0.04+0.02 8+3 0.19+0.14 23%2
RLO7 171 39120 6.1+1 87121 24063 123 4.3+0.8 0.4£0.030 3%1 3.3:t0.2 0.14x0.05 2415 0.61+0.17 63x71
RLO8 191 63120 71 9848 18017 12+1 4.810.6 0.34%¥0.03 3#1 3.3:t0.4 0.16x0.02 2612 0.79+0.10 311
RLO9  22+1 46x20 5.8£0.3 83#8 44017 12+2 4.1+0.3 0.50+0.13 3#1 49104 0.13+0.03 24%2 0.76x0.18 30%3
RL10 1943 4520 7+2 93+14 270+23 13+2 4.7+1.2 0.41+£0.04 41 3.7¢1.3 0.18+0.03 2946 0.82+0.07 324
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RL11
RL12
W01
W03
W04
W05
W06
Wo7
W08
W09
W10
W11
W12
W13
W14
W15
W16
W17
W18
W19
W20
W21

1942
15+3
23+2

79160
120+£100
74+10

87+7
62+30
180+£38
230+24
210433
240437
210428
180+28

170126
210459
87172

270+30
260+28
170452
190431
270154
200445
210167
230144
230166

640+62
22082
380+48
420+37
370+74
220+38
83124
490494
1516
250177
280+43
160£73
44122
110+41
32033
320£173
350117
29079
5348
20088
520£102
60+20

Table 5.9¢ (continued)

13+2
8+6
437
7514

100+20
795
49+11
52+13
87+16
47110
63119
58+12
78+18

4+0

0.63+0.14
0.51+0.11
1.58+0.34
1.36+0.15
1.05+0.12
1.26+0.21
1.23+0.29
1.18+0.18
0.19+0.05
0.45+0.20
0.87+0.21
0.62+0.12
0.32+0.14
0.85+0.16
1.78+0.72
0.83+0.31
1.05+0.57
0.72+0.12
0.80+0.24
0.56+0.20
1.58+0.22
0.59+0.17

0.12+0.01
0.12+0.03
0.62+0.13
1.03+0.21
0.85+0.09
1.10£0.12
1.07+0.11
0.71x0.15
0.46+0.21
0.52+0.26
0.88+0.17
0.95+0.22
0.36+0.26
1.47+0.28
1.08+0.06
0.74+0.19
0.74+0.15
1.23+0.18
0.83+0.17
0.88+0.27
0.89+0.16
1.20£0.24

27+1
237
92115
114+3
103+16
130+21
120422

114+37
55431

14715
13316
94121

100+£19
137434
113421
104+27
102120
125+£25

0.75+0.06
0.68+0.30
0.93+0.15
1.10£0.03
1.06+0.23
1.22+0.12
1.19£0.09
0.92+0.11
0.44+0.22
0.70+0.42
1.11£0.12
1.03+0.25
0.43+0.41
1.43+£0.19
1.21£0.12
0.95+0.39
1.01£0.11
1.17+0.19
1.12+0.13
1.07£0.40
1.06£0.18
1.13£0.21
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Figure 5.9. PCA ordination diagram showing how shallow lakes of different regions group out according to element concentrations in the
sediments with LOI and /<63um as overlays from the explanation matrix (Vectors indicate the direction of increasing element concentrations, LOI

or f<63um (scaled to 70% to fit graph) and their length reflects the magnitude of the association with the ordination axes).
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Figure 5.10. Ordination plot of the partial RDA for sediment chemistry variables constrained by

environmental variables while controlling for region (Regions: Grant County (0), Itasca (o), Red Lake (X),
Windom (A); Environmental variables (in bold): /<63 um; %LOI, lake watershed area (LWA), percent
woodland (%WDL); Sediment chemistry variables: multiple element concentrations).

Results of an RDA showed that Ca, Mg, Na, S and Sr concentrations in the water explained 33%
of the variation in macrophyte community composition of the shallow lakes (Figure 5.11a). Filamentous
algae, Potamogeton pusillus and Lemna minor were positively associated with S and Sr concentrations
while Potamogeton richardsonii, Stuckenia pectinata and Ceratophyllum demersum were positively
associated with Na, Mg and Ca concentrations in the water. Concentrations of Al, Li, Nd, Pr, Sc and U in
the sediment explained 39.2% of the variation in macrophyte community composition (Figure 5.11b).

Filamentous algae, Stuckenia pectinata and Potamogeton richardsonii were positively associated with Al,

Li, Nd, Pr, Sc and U concentrations in the sediment.
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Figure 5.11. Ordination plots of the RDA of macrophyte community composition constrained by (A) Ca, Mg, Na, S, Sr concentrations in the water
and (B) Al, Li, Nd, Pr, Sc and U concentrations in the sediments (in bold); common macrophyte or algae species detected by rake and viewer
method combined (occurred in >7% of the shallow lakes sampled): Brasenia schreberi (Bras), Ceratophyllum demersum (Cd), Chara spp. (Csp),
filamentous algae (Fa), Lemna minor (Lm), Lemna trisulca (Lt), Myriophyllum sibiricum (Ms), Najas flexilis (Nf), Potamogeton amplifolius (Pam),
Potamogeton natans (Pn), Potamogeton pusillus (Ppus), Potamogeton richardsonii (Pr), Potamogeton zosteriformis (Pz), Sagittaria cristata (Sag),
Sparganium americanum (Spg), Stuckenia pectinata (Spec), Utricularia vulgaris (Uv)).



5.4.4. Relationships between elements, plant cover and biomass and other variables
Turbidity showed positive correlations with chlorophyll-a, Si and Sr in water and negative

correlations with LOI, plant biomass and cover (Table 5.10a). Chlorophyll-a showed negative correlations
with plant biomass and cover and positive correlations with Mg, S, Si, and Sr concentrations in water.
Negative correlations were observed between LOI and chlorophyll-a, Mg, S and Sr concentrations while
the f<63um showed positive correlations with Ca, Mg and Si in water. Positive correlations were
observed between Ca, Mg, Na, S, Si and Sr in water. Turbidity showed positive correlations with As, Co,
Dy, Fe, Gd, Li, Sc, Sm, Th and V in sediment (Table 5.10b). Chlorophyll-a showed positive correlations
with As, Ce, Co, Dy, Fe, Gd, K, La, Li, Mg, Nd, Ni, Pr, Rb, Sc, Sm, Th, V and Y in sediment. LOI showed
negative correlations with Ce, Cr, Dy, Fe, Gd, La, Li, Nd, Ni, Pr, Sc, Sm, Th, V and Y in sediment while
the f<63um showed positive correlations with As, B, Mg, Mn, Mo, P, S, Sr, U and Zr. Positive correlations
were also observed between several elements in the sediment and in the water (Ca, Mg, S, Si and Sr).

Table 5.10a. Pearson correlations for turbidity, LOI, <63 um, chlorophyll-a concentrations and element

concentrations in the water of shallow lakes in MN. Correlations with r = 0.500 (that explain 25% or more
variation) are shown (p<0.001).

Turbidity chl-a LOI f<63 um Ca Mg Na S Si
chl-a 0.921
LOI -0.504 -0.554

Plant Biomass -0.617 -0.546

Plant Cover -0.597 -0.559

Ca 0.528

Mg 0.509 -0.513 0.581 0.866

Na 0.671  0.886

S 0.529 -0.570 0.653 0.848 0.926

Si 0.635 0.583 0.624 0.786 0.701 0.523 0.504

Sr 0.508 0.537 -0.589 0.697  0.81 0.831 0.934 0.592
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Table 5.10b. Pearson correlations for turbidity, LOI, <63 um, chlorophyll-a concentrations and element
concentrations in water and sediment of shallow lakes in MN. (Correlations with r = 0.500 (that explain
25% or more variation) are shown (p<0.001), element_w indicates elements in water, element_s indicates
elements in sediment).

chl-a Turbidity LOI f<63pym Caw Mg w Naw S w Siw Sr w
Al_s 0.502 0.558
As_s 0.565 0.511 0.774 0.668 0.783 0.635 0.667 0.644 0.700
B_s 0.684 0.677 0.791 0.788 0.735 0.641 0.709
Ce_s 0.537 -0.547 0.530
Co_s 0.605 0.527 0.531 0.586 0.641
Cr_s -0.541 0.548
Cu_s 0.54 0.599
Dy_s 0.608 0.536 -0.571 0.537 0.617 0.669
Fe_s 0.592 0.521 -0.551 0.585 0.618 0.665
Ga_s 0.540
Gd_s 0.588 0.516 -0.566 0.585 0.635
K s 0.567 0.638 0.643 0.707 0.706
La_s 0.523 -0.552 0.525
Li_s 0.572 0.501 -0.618 0.582 0.564 0.708 0.771
Mg_s 0.560 0.545 0.621 0.866 0.812 0.799 0.552 0.734
Mn_s 0.719 0.541 0.562 0.586
Mo_s 0.571
Na_s 0.524
Nd_s 0.557 -0.567 0.521 0.570
Ni_s 0.535 -0.513 0.519 0.590 0.661
P_s 0.533
Pr_s 0.545 -0.566 0.506 0.556
Rb_s 0.501 0.532 0.571
S s 0.731 0.538
Sc_s 0.602 0.521 -0.641 0.528 0.62 0.672
Sm_s 0.573 0.501 -0.574 0.557 0.61
Sr_s 0.618 0.602 0.736 0.748 0.75 0.514 0.715
Th_s 0.644 0.586 -0.669 0599 0.689 0544 0665 0505 0.713
Us 0.597 0.658 0.786 0.72 0.761 0.605 0.788
V_s 0.564 0.504 -0.578 0.572 0.639 0.711
Y_s 0.578 -0.525 0.525 0.614 0.658
Zr_s 0.523
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5.5. Discussion
5.5.1. Differences in water and sediment chemistry

Sediments are good indicators of past events and represent a longer time period compared to
water analyses, which represent shorter time frames or single situations (Hakanson and Jansson 1983).
Elements and nutrients can be exchanged or transported across the sediment-water interface (De Laune
et al. 1981; Jaynes and Carpenter 1986; Weis and Weis 2004; Nurminen and Horppila 2009). Rooted
submerged macrophytes are a link between the sediment and water column and thus play major roles in
nutrient cycling within freshwater ecosystems (Carignan and Kalff 1980; Carpenter and Lodge 1986;
Barko and James 1998; Fritioff and Greger 2006). Chemistry of sediments thus influences composition,
chemistry and water quality of overlaying water (Hakanson and Jansson 1983). Previous studies have
found that local geology and land use within watersheds play key roles in the sediment and water
chemistry of surface waters (Moyle et al. 1945; Newton et al. 1987; Nilsson and Hakanson 1992;
Fraterrigo and Downing 2008). Lakes in western and southwestern Minnesota tend to have harder water,
higher pH ranges and higher alkalinity compared to lakes in the central and northern counties (Moyle
1945). These differences in the chemical characteristics of Minnesota lake waters can be attributed to
geology and climate (Moyle 1945; Ojakangas and Matsch 1982). The surface and underlying geology
and land use patterns varied across the regions of this study and appeared to influence the distribution of
elements in the water and sediment of shallow lakes. PCA ordination plots showed that the shallow lakes
clustered together according to region, indicating that element concentrations in water and sediment were
variable, but variation among regions exceeded that within geographical regions across the state.
However, results of pPRDAs showed that region explained less than 10% while land use/cover variables
within the watershed explained more than 40% of the variation in water and sediment element
concentrations.

The results identified significant associations between several environmental variables and, 1)
macrophyte cover, 2) macrophyte biomass, 3) macrophyte community composition, 4) water element
concentrations, and 5) sediment element concentrations in shallow lakes. While controlling for
geographic region, | found that percent woodland and percent agriculture were significant sources of

variation of water element concentrations, while percent woodland, lake watershed area, LOIl and f<63um
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were significant sources of variation of element concentrations in the sediment. In both cases, the
percent woodland was positively associated with lakes of the Red Lake and ltasca regions, which are
located within MN counties dominated by forested land (Minnesota Geospatial Information Office Staff
1999). The incidence of cultivated land increases as forested land decreases from north to south in
Minnesota, which may account for the low element concentrations in the northern study regions,
compared to the higher element concentrations in the central and southern study regions.

A gradient of increasing concentrations of dissolved minerals has been reported from northeast to
southwest portions of Minnesota (Moyle 1945). Uplands dominated by forests are less prone to
sedimentation whereas developed uplands are more prone to surface runoff and sedimentation due to the
absence of constant vegetation cover (Lougheed et al. 2001). The tree roots of the forested areas
stabilize soils, reduce erosion and decrease nutrient inputs into streams and lakes (Wood et al. 1984;
Qualls et al. 1991; Lombi et al. 2001), which could explain why shallow lakes in the Red Lake and ltasca
regions have clearer lakes and lower element concentrations in their waters and sediments. Runoff from
agriculture contributes to small/fine grain particles in wetlands and thus agriculture-impacted wetlands
tend to be dominated by finer grain particles such as silts and clays which are more prone to disturbance
and resuspension in surface waters (Hamilton and Mitchell 1997) and keeps the water column turbid,
limiting macrophyte growth. Lougheed et al. (2001) reported that wetland sediments of forested
watersheds had larger particle size and organic content compared to wetland sediments of agricultural
watersheds.

The LOI (indicative of organic matter content) and the <63 ym (estimate of clay and silt content) of
the sediments appear to play important roles in the mobility of elements in the water and sediment of
shallow lakes in MN. Negative correlations observed between elements in the water and LOI may
indicate that those elements may be tightly bound to organic matter in the sediment (Davies 1994;
Jackson 1998) and hence are less mobile in the water column of high LOI lakes. Negative correlations
observed between elements in the sediments and LOI may indicate that these elements are bound to the
inorganic fraction of the sediments or are depleted or leached from the upper sediments due to low pH of
the high LOI lakes (Yanes et al. 2006; Das et al. 2008). High LOI may be due to inputs of organic

material from the surrounding woodland, high lake productivity and reduced conditions preventing
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decomposition (Hakanson and Jansson 1983). The positive correlations observed between <63 pm and
several elements (in water: Mg, S, Si, Sr; in sediment: As, B, Mg, Mn, Mo, P, S, Sr, U, Zr) indicate that
this fraction of small particles is a source of these elements in the water and sediment of the shallow
lakes. Smaller particles (clays and silts) tend to bind elements since the active binding area of particles
increases with decreased particle size (Hakanson and Jansson 1983). Sandy sediments have a low
potential for the attenuation of elements due to the large pore spaces (Hakanson and Jansson 1983) and
hence tend to have low nutrient availability (Barko and Smart 1986).

In the case of element concentrations in the lake waters, percent agriculture cover on surrounding
land was negatively associated with lakes in Red Lake and Itasca regions and positively associated with
lakes in Windom and Grant County regions. Shallow lakes in Grant County and Windom regions
occurred in areas where dominant land cover is cultivated land (>79%) and soils are well drained. Very
well drained soils in adjacent cultivated fields could facilitate transport of nutrients from fertilizer or animal
waste into shallow lakes resulting in the elevated element concentrations detected in lakes of the
southern most regions of this study (Grant County and Windom). These lakes, which are mostly
impacted by agricultural activities, may be considered nutrient-rich compared to the low nutrient lakes in
the northern most regions of this study (Itasca and Red Lake). Similarly, Atkinson et al. (2011) found the
water chemistry of wetlands impacted by agriculture were very different from wetlands not influenced by
agriculture. They reported that suspended solids, pH, alkalinity and soluble reactive phosphorus were
significantly higher in agricultural compared to non-agricultural wetlands. Wetlands within forested
watersheds were found to have significantly different water and sediment chemistry as well as different
macrophyte community composition compared to wetlands within agricultural watersheds (Lougheed et
al. 2001). Nilsson and Hakanson (1992) found a relationship between agricultural land cover and water
chemistry which may be due to the soil characteristics of the land (dominated by clay-rich soils) and
agricultural activities that involve plowing which leads to exposure, erosion and runoff and the addition of
fertilizer which leads to nutrient loading.

Nutrient loading into lakes is dependent on the land use of the lake watershed, the size of the lake
watershed and the potential for the transport of the nutrients within the watershed (Fraterrigo and

Downing, 2008). In this study, lake watershed size was positively associated with LOI and negatively

129



associated with most elements in the sediments, which indicates that lake watershed size may play a role
in nutrient inputs into lakes. The relationship between watershed size and LOI is confounded due to the
larger watersheds that occurred in the Red Lake region. Land use within the watersheds appears to play
a more important role in the water and sediment chemistry, which in turn influenced the abundance and
composition of macrophyte communities in the shallow lakes.
5.5.2. Differences in macrophyte abundance and community composition

Plant community composition and distribution are influenced by geology, land cover, turbidity, pH,
nutrient status, and water and sediment chemistry (Moyle 1945; Stewart and Kantrud 1972; Barko and
Smart 1986; Barko et al. 1991; Bini et al. 1999; Koch 2001; Lougheed et al. 2001; Hansel-Welch et al.
2003; Bayley et al. 2007; Del Pozo et al. 2011). Hansel-Welch et al. (2003) found that changes in
macrophyte community structure were influenced by water clarity and filamentous algae abundance. The
results indicated that macrophyte cover, biomass and community composition in MN shallow lakes are
influenced by several factors such as turbidity, watershed land cover, sediment physical characteristics,
and water and sediment chemistry. Many studies have shown that widespread submerged macrophyte
growth coincided with clear conditions in freshwater lakes (Mjelde and Faafeng 1997; Blindow et al. 1998;
Faafeng and Mjelde 1998; Scheffer and Jeppesen 1998; van den Berg et al. 1998; Horppila and
Nurminen 2003). Negative relationships between plant abundance and lake turbidity have been reported
in a number of studies (Lougheed et al. 2001; Hansel-Welch et al. 2001; Zimmer et al. 2003). | also
found negative correlations between turbidity and chlorophyll-a with macrophyte cover and biomass.
Bayley et al. (2007) reported that clear lakes had <18 ug I chlorophyll-a while turbid lakes had >18 pg I
chlorophyll-a. The clear lakes in their study had significantly lower P, S and Si concentrations in the
water, lower turbidities and higher submerged vegetation cover compared to turbid lakes. Zimmer et al.
(2009) reported that clear lakes had higher macrophyte biomass and <22 ug I chlorophyll-a while turbid
lakes had lower macrophyte biomass and >31 ug I chlorophyll-a. Similarly, high macrophyte lakes in my
study had lower turbidities, chlorophyll-a (averaged <16 ug I'1), and Si concentrations compared to low
macrophyte lakes. In general, the high macrophyte lakes were clearer than the low macrophyte lakes.
Clear lakes allow more light penetration, which is essential for macrophyte growth (Philips et al. 1978).

Positive correlations were observed between turbidity and chlorophyll-a, Si and Sr in the water, which
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indicates that these variables may be contributing to the turbidity of the shallow lakes. Both chlorophyll-a
and turbidity showed negative correlations with plant biomass and cover, which indicates that macrophyte
growth in shallow lakes is influenced by light availability. Turbidity and chlorophyll-a also showed positive
correlations with As, Ce, Co, Dy, Fe, Gd, K, La, Li, Mg, Nd, Ni, Pr, Rb, Sc, Sm, Th, Vand Y in the
sediments which may indicate that turbid lakes are enriched with these elements.

Certain macrophyte and algae species are indicators of specific types of shallow lakes and are
indicative of particular chemical, environmental or habitat conditions associated with those lakes (Mackie
2004). One species, Stuckenia pectinata inhabits turbid lakes because it has a canopy growth form that
allows for the concentration of most biomass close to the water’s surface where it obtains maximum light
(Scheffer 2004). | observed Stuckenia pectinata in lakes with high macrophyte abundance as well as
lakes with low macrophyte abundance where the turbidity and chlorophyll-a concentrations tend to be
greater than high macrophyte abundant lakes. Some macrophyte species can tolerate and are thus
indicators of saline and alkaline conditions (Moyle 1945; Stewart and Kantrud 1972). One lake in this
study (GCO03) had Na concentrations at levels considered to be slightly to moderately brackish (Stewart
and Kantrud 1972) and was the only lake in which Ruppia occidentalis was observed. Ruppia
occidentalis and other Ruppia species are known to inhabit brackish, saline or very alkaline lakes (Moyle
1945; Stewart and Kantrud 1972; Husband and Hickman 1989; Borman et al. 2001).

Natural resource managers often use macrophytes as biological indicators to determine the
nutrient status of freshwater ecosystems (Melzer 1999; Lougheed et al. 2001; Albert and Minc 2004,
Mackie 2004; Perleberg and Loso 2009). Lakes with turbid waters and nutrient-rich sediments tend to be
dominated by emergent vegetation and some submersed species that can tolerate low light and high
nutrient levels (Stuckey 1975). Species such as Potamogeton richardsonii and P. pectinatus have been
classified as possible indicators of nutrient enriched, turbid lakes (Stuckey 1975), and occurred in both
low and high macrophyte lakes in this study. Filamentous algae and Potamogeton richardsonii are
indicative of excess nutrients in lakes (Mackie 2004) and were significant indicators of lakes within Grant
County where the concentrations of most elements were the highest compared to lakes in other regions
of this study. Chara species are also indicators of enriched conditions and hard water lakes (Mackie

2004). Chara spp. prefer hard waters rich in Ca and bicarbonate ions which it uses as a source of carbon
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(Kufel and Kufel 2002). Chara spp. were dominant in lakes of the Red Lake and Itasca regions which,
though not enriched in nutrients, may have hard water lakes. The Red Lake and Itasca regions are within
central and northern Minnesota where the lakes formed over calcareous glacial till and tend to have hard,
alkaline waters (Moyle 1945).

Other indicators of nutrient-rich conditions include diatoms such as Cyclotella cryptica and
Gomphonema parvulum, which are also major sources of silica in lakes (Mackie 2004). Silicon is derived
from the weathering of rocks (Hakanson and Jansson 1983; Mackie 2004) and is a major limiting nutrient
for diatom growth (Martin-Jézéquel et al. 2000). Silicon uptake is dominated by diatoms and sponges as
well as blue-green algae (Frausto da Silva and Williams 2001; Quiroz-Vazquez et al. 2008). Dissolved
silica concentrations in the water column are primarily controlled by benthic macroalgae (Sigmon and
Cahoon 1997). Silicon may be released or excreted from diatom grazers and decomposing diatom
frustules (Parker et al. 1977; Mackie 2004). Ahlgren (1970) and Egge and Aksnes (1992) reported that
increases in diatom biomass were associated with increases in the silicon or silicate concentrations in
water.

Silicon concentrations were higher in low macrophyte lakes and showed significant positive
relationships with turbidity and chlorophyll-a concentrations. Similarly, Mi et al. (2008) reported that Si
concentrations were significantly higher in the water column when plants were absent compared to when
they were present in a lake. Diatoms or diatom grazers may dissolve, leak or excrete Si (Mackie 2004)
and thus contribute to high Si, chlorophyll-a, and turbidity, hence decreasing light availability and the
potential for abundant macrophyte growth in the low macrophyte lakes. In contrast, Mn concentrations
were lower in the low macrophyte lakes. Interactions between Mn and Si concentrations in the lake water
may play a role in phytoplankton biomass. Silicon has antagonistic effects on Mn uptake and toxicity in
plants (Horst and Marschner 1978; Kabata-Pendias and Pendias 2001; Maksimovi¢ et al. 2012). In the
high macrophyte lakes Si may be taken up by plants and phytoplankton and this may counter Mn uptake
and toxicity. After uptake by plants and phytoplankton, the remaining Si in the water may not be enough
to sustain diatom growth. Manganese mobility in the environment is influenced by pH and redox
conditions and can be derived from the weathering of rocks and forest litter (Heal 2001). Manganese

concentrations in surface waters of Scotland were reportedly related to conifer cover of the surrounding
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land (Heal 2001). Lakes of the ltasca and Red Lake regions are within the coniferous forest biome of
Minnesota and the acidic nature of the conifer litter and soils (Binkley and Sollins 1990) may promote Mn
mobility and subsequent leaching into surface waters of some lakes in these regions. Soils with greater
clay content tend to have higher sorption of Mn than sandy soils (Radwan et al. 1979) hence lakes with
clay-dominated sediments may have lower Mn concentrations compared to lakes with sandy sediments.

Particle size influences sedimentation processes and the capacity to bind elements (Hakanson and
Jansson 1983) and thus impacts macrophyte communities (Lougheed et al. 2001). Although the low and
high macrophyte lakes had similar <63 um, the Grant County and Windom regions had significantly
higher /<63 um and therefore higher amounts of clay which may be responsible for the lower Mn
concentrations in the water column of these lakes. Poor macrophyte growth was observed in sandy
sediments due to the low nutrient availability, low organic matter and low rates of nutrient diffusion and
exchange (Barko and Smart 1986). The low macrophyte cover (<5%) that we observed in some clear
lakes (<6 ug L’ chl-a) in Itasca may be due to their sandy sediments (<63 pym: <35%) and/or low
nutrients.

The macrophyte community structure and macrophyte abundance were influenced by land cover
variables as well as water and sediment chemistry. Land cover variables and sediment physical
characteristics (LOI and f< 63um) influenced the water and sediment chemistry. Differences in geology
across the regions play a role in the sediment physical characteristics and element concentrations
detected in the lake waters and sediments. Further studies are needed to confirm these findings.
Studies are also needed to determine if macrophytes influence the water and sediment chemistry of
shallow lakes. This can be addressed by comparing the water and sediment chemistry of open water and
within macrophyte beds.

5.6. Conclusions

This study found that land cover, lake turbidity, chlorophyll-a, sediment characteristics, water and
sediment chemistry play important roles in macrophyte abundance and community composition. Land
cover also influenced water and sediment chemistry of MN shallow lakes. Land cover uses, chlorophyll-a
concentration, and open water area were significant predictors of macrophyte cover while sediment

characteristics (LOI and f< 63um), land cover, and turbidity were significant predictors of macrophyte
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biomass. Element concentrations in the water and sediments were significant predictors of macrophyte
community composition. The percent woodland and agriculture were associated with element
concentrations in the water while the percent woodland, lake watershed area and sediment physical
characteristics were associated with elements in the sediments. Shallow lakes with high element
concentrations in their water were associated with agriculture-dominated watersheds while those with
high element concentrations in their sediments were inversely associated with woodland-dominated
watersheds. High macrophyte abundant lakes had higher Mn and lower Si concentrations in their waters
and higher B, Ba, Ca, Mo, P, S, Sr, U and Zr in their sediments compared to high macrophyte abundant

lakes.
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CHAPTER 6. GENERAL DISCUSSION AND FINAL CONCLUSIONS

The two sections of this thesis focused on processes in the root zone and variation in shallow
lake ecosystems, which may appear disparate, but through the plants, are closely connected. The
question is, is that connection recognizable in the biogeochemical behavior of the elements?

The biogeochemical differences associated with wetland plants at two different spatial scales, the
root zone and the shallow lake ecosystem are summarized in Table 6.1. In general, multi-element
concentrations were higher in the root zone compared to the bulk zone under flooded and non-flooded
conditions. However, plants under flooded conditions took up 2-27 times more amounts of elements
which indicated that these plants were exposed to more elements in the root zone. The root zone studies
further showed that accumulation of elements in the rhizosphere may be due to differences in moisture
content, pH and redox status. In the shallow lake study, lakes with high plant abundance were
associated with higher concentrations of elements in the sediments which may be due to inputs of
sediments, organic material and elements from the surrounding uplands.

Table 6.1. Summary of the significant biogeochemical differences associated with wetland plants at
different spatial scales (1 = increased; | = decreased; chl-a = chlorophyll-a; p<0.01).

Spatial Treatments Element . Other factors
Scale concentrations
Root Zone Root Zone compared to Bulk Zone
High moisture Soil (umol g'1)
Rumex crispus Fe** (1); Al, Cr, Fe, K, La, Sr, V, Y, Zn (1) Fe-plaque
present, T1Eh, |pH
Typha angustifolia Fe?* (1); Be, Cu, Fe, Li, Sr, Zn (1) Fe-plaque
present, TEh
Triglochin maritima no differences Fe-plaque
present, TEh
Low moisture Root Zone compared to Bulk Zone
Rumex crispus Al, Ba, Cu, Cr, Fe, K, La, Mg, Na, Sr, V, Y, Fe-plaque absent
Zn (1)
Typha angustifolia Ni, Sr (1) Fe-plaque absent
Triglochin maritima no differences Fe-plaque absent
Shallow Sediment (umol g™, 1
Lakes Plant abundance +mmol g'1, +nmol g'1) Water (mg L)
Low plant B, Ba, ¥Ca, tMo, P, S, Sr, Mn (}); Si (1) Turbid regime
tU, 1Zr (}) (>16 ug L™ chl-a)
High plant B, Ba, ¥Ca, tMo, P, S, Sr, Mn (1); Si (]) Clear regime
U +2r (1) (<16 ug L chl-a)
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6.1. Influences of biogeochemistry at different spatial scales

The results indicate that several factors played important roles in the biogeochemistry of wet
ecosystems at the two spatial scales. These factors are highlighted in the modified version of the
conceptual model shown in Figure 6.1. The root zone studies indicated that soil pH, redox status, and
Fe-plaque, influenced element concentrations in the soil. These factors can be influenced by plants
(Jaynes and Carpenter 1986; Alloway 1995) and microbes in the rhizosphere (Trolldeneir 1988; Neumann
and Rémheld 2002; Neubauer et al. 2007). Soil pH is modified by plants via root exudation, release of H"
ions, iron oxidation, cation and anion uptake (Hinsinger 2001; Neumann and Rémheld 2002; Inderjit and
Weston 2003; Kirk 2004). Changes in soil pH can lead to the dissolution and increased mobility of
elements such as Al, Cu, Fe, Mn, Mo and Zn in soil (Kirk and Bajita 1995; Jones et al. 1996; Jungk 2002).
In the root zone studies, changes in pH were most likely due to iron oxidation reactions at the soil-root
interface. It has been shown that decreased pH in the rhizosphere of wetland plants was due to the
release of protons and iron oxidation reactions (Begg et al. 1994; Wright and Otte 1999). Changes in
redox status and Fe-plaque formation also play a role in the mobility and availability of elements such as
As, Cu, Fe, Mn and Zn (De Laune et al. 1981; Otte et al. 1989; Otte et al. 1991; St-Cyr and Campbell
1993; Otte et al. 1995; Mi et al. 2008). Under wetland conditions, redox status is influenced by plant
radial oxygen loss which leads to the oxidation of Fe and subsequent Fe-plaque formation in the vicinity
of the roots (Mendelssohn 1993; Kirk and Bajita 1995; Hinsinger 2001; Hinsinger and Courchesne 2008).
The root zone studies also indicated that soil moisture content influenced element concentrations in the
soil as evident by the differences in element concentrations between the high moisture compared to low
moisture content soils.

In the shallow lake study, representing the whole plant community effect, land cover uses and
watershed size played a role in the distribution of elements in the water and sediments. The land cover
variables that were associated with element concentrations in the waters and sediments of shallow lakes
included percent agriculture and percent woodland. Watersheds dominated by agricultural or cultivated
lands can increase nutrient inputs into lakes and thus impact the water and sediment chemistry
(Fraterrigo and Downing 2008; Atkinson et al. 2011). In contrast, watersheds dominated by woodland or

forest would have the opposite effect since tree roots and the constant vegetation cover decrease the
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impacts of erosion and prevent the release of nutrients into surface waters (Wainwright et al. 1999;
Lougheed et al. 2001). The watershed size and the potential for transport of elements within the
watershed influence the impact of the land use activities (Fraterrigo and Downing 2008). In the shallow
lake study, the lakes in agriculture-dominated watersheds had higher element concentrations while lakes
in the woodland-dominated watersheds had lower element concentrations in the waters and sediments.

In the small-scale root zone studies, loss-on-ignition and /<63 um did not vary and hence did not
appear to play a significant role in element concentrations, but these two varied among lakes and thus
had significant influences in the large-scale shallow lake study. High LOI in lakes could be due to high
lake productivity, reduced conditions and inputs of organic materials from the surrounding uplands
(Hakanson and Jansson 1983). Complexation with organic matter can decrease the mobility of elements
in soil, sediment and water (Antonovics et al. 1971; Guilizzoni 1991; Davies 1994; Doyle and Otte 1997;
Jackson 1998) and could result in low element concentrations. Soils or sediments dominated by particles
smaller than 63 ym would indicate the presence of proportions of silts and clays. Complexation with clay-
sized particles can also decrease the mobility and availability of elements (Hakanson and Jansson 1983;
Davies 1994). In the shallow lake study, high LOI lakes were associated with larger watersheds and low
element concentrations in the sediments. In contrast, lakes dominated by particles smaller than 63 ym
were associated with high element concentrations in the sediments.

In the large-scale shallow lakes study, element concentrations in the waters and sediments, LOI,
and <63 pm played significant roles in the abundance and distribution of macrophytes. High LOI lakes
contained higher biomass of Potamogeton natans, Brasenia schreberi, and Potamogeton amplifolius
while lakes with high /<63 um contained higher biomass of Ceratophyllum demersum, Potamogeton
richardsonii, Myriophyllum sibiricum, Lemna minor, and filamentous algae. The species associated with
high LOI lakes may be tolerant of the low nutrient conditions of those lakes while the species associated
with clay-rich sediments (high /<63 pym) may be tolerant of the high nutrient conditions of those lakes.
Lemna minor, Lemna trisulca, Potamogeton pusillus, Potamogeton richardsonii, Stuckenia pectinata,
Ceratophyllum demersum, and filamentous algae have been reported as tolerant of high nutrient
conditions (Stuckey 1975; Lougheed et al. 2001; Mackie 2004; Povidisa et al. 2009) and were associated

with high element concentrations in the waters and sediments in the shallow lakes study.
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BIOGEOCHEMISTRY OF WET ECOSYSTEMS
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Figure 6.1. Revised conceptual diagram of the influences of submerged and emergent plants on the
sediments and water as reported in the literature (rectangles indicate components in wet ecosystems;
ovals indicate influencing factors; factors in bold are relevant in these studies; factors in gray did not play
a role in these studies; ? indicates gaps in the literature; !!! indicates new findings; LOI=loss-on-ignition;
f<63 um=fraction of particles smaller than 63 pym).
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6.2. Role of plants in the biogeochemistry of wet ecosystems

The root zone studies indicated that processes in the rhizosphere play an important role in the
mobility, availability and subsequent uptake of elements. The plants in these studies influenced the pH
and redox status of the soil which may have impacted the distribution of elements (Figure 6.2). These
plants also accumulated elements from the soil in their tissues. Studies have shown that wetland plants
altered the soil pH and redox status which in turn influenced the mobility of elements in soils or sediments
(Jaynes and Carpenter 1986; Jacob et al. 2004b; Kidd et al. 2009). The accumulation of elements in
emergent plants was also observed for Phragmites communis, Typha latifolia, Schoenoplectus lacustris
(Szymanowska et al.1999), Juncus effusus, Phragmites australis, Phalaris arundinacea, Polygonum

hydropiper, Schoenoplectus lacustris, and Typha angustifolia (Samecka-Cymerman and Kempers 2001).
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Figure 6.2. Role of emergent plants in the biogeochemistry of soil as determined by the root zone studies
(black filled arrows indicate direct relationships, white arrows indicate indirect relationships).

139



The shallow lakes study indicated that water and sediment chemistry, open water area, turbidity,
and sediment physical characteristics influenced macrophyte distribution (Figure 6.3). In shallow lakes,
rooted submerged macrophytes provide a link between the sediment and water column (Carpenter and
Lodge 1986) and thus play an important role in the cycling of nutrients (Barko and James 1998). In the
shallow lakes study macrophytes may have less of a chemical effect on the elements and more of a
physical effect through the stabilization of sediment bound elements. Wetland plants stabilize sediments,
inhibit sediment erosion and suspension and hence prevent loading of nutrients to the water column of
lakes (Barko and James 1998). In the shallow lakes study, the plants may play the role of keeping lakes
clear by stabilizing sediments and inhibiting phytoplankton growth by blocking nutrient access (Philips et
al. 1978; Blindow 1992; Kufel and Kufel 2002). In shallow lakes, uncovered sediments are more
vulnerable to disturbance and resuspension by wind, waves, and benthivorous fish, than plant-covered

(includes rooted and floating plants) sediments (Faafeng and Mjelde 1998; Scheffer 2004).

Land
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Figure 6.3. Role of submerged and floating plants in the biogeochemistry of soil as determined by the
shallow lake study (black arrows indicate direct relationships; empty arrows indicate indirect relationships;
grey arrows indicate possible relationships; LOI=loss-on-ignition; /<63 um=fraction of particles smaller
than 63 pym).
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6.3. Implications and recommendations

The root zone studies indicate that wetland plants can accumulate multiple elements in their root
zone and plant tissue which makes them ideal candidates for use in phytoremediation (Salt et al. 1995;
Fritioff and Greger 2003) and phytostabilization (Weis and Weis 2004; Azaizeh et al. 2006). Wetland
plants such as those used in this study can be used to restore and protect shorelines and act as buffer
vegetation for lakes (Sculthorpe 1967; Eggers and Reed 1997; Cronk and Fennessy 2001) particularly
those located within agriculture-dominated watersheds. Since these wetland plants effectively
accumulate elements in their rhizospheres and tissues they will reduce element inputs into lakes and thus
prevent eutrophication and other forms of non-point source pollution (Hoagland et al. 2001; Vymazal
2002; Gottschall et al. 2007; Mitsch and Gosselink 2007). The plant roots will stabilize shorelines,
prevent erosion, and subsequent sedimentation into lakes (Odum and Mclvor 1990; Brix 1997; Lombi et
al. 2001; Horppila and Nurminen 2005).

The shallow lake study in this research indicated that activities of the surrounding watershed play
an important role in the element concentrations of the waters and sediments. Lakes within agriculture-
dominated watersheds were associated with high element concentrations in the water and sediments
which indicate that these shallow lakes may be receiving nutrients from agricultural runoff. The results of
the shallow lake study indicated that clear lakes support high plant abundance. These plants may sustain
the clear conditions by stabilizing sediments and inhibiting phytoplankton growth (Blindow 1992; Kufel
and Kufel 2002). In a study conducted by our research group, we found that lakes dominated by Typha
spp. fringe had significantly lower turbidities compared to shallow lakes dominated by Scirpus spp or tree
fringes. This study indicated that the Typha fringe may be taking up nutrients from runoff and preventing
eutrophication and turbid conditions in the shallow lakes. The root zone studies demonstrated that T.
angustifolia can take up multiple nutrients under wetland conditions. Based on these findings |
recommend the use of wetland plants particularly, Typha spp. for phytoremediation and phytostabilization
of contaminated soil and water and for use as shoreline vegetation of shallow lakes.

The small-scale root zone studies indicated that wetland plants can be used for phytoremediation
and phytostabilization of elements because of their ability to accumulate multiple elements in the root

zone soil and plant tissues. The large-scale shallow lakes study also indicated that plants may play a role
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in the phytostabilization of elements because of their ability to stabilize sediments and prevent release of
nutrients in lakes. In both the small-scale and large scale studies of this research, it is evident that
emergent and submerged plants play a vital role in the phytoremediation and phytostabilization of multiple
elements in wet ecosystems.
6.4. Future studies

The following studies and experiments would address some of the problems and questions that
arose from the research described in this thesis.
6.4.1. Future root zone studies

The root zone studies examined concentrations at different distances to the root surface. One
experiment used Rumex crispus in a growth column with different mesh compartments of known amounts
of soil to quantify the element content of soil at different distances from the root (Figure 6.4). This was to
develop a mass balance of multi-element distributions in soil adjacent to plant roots grown under flooded
and non-flooded conditions. It was expected that multiple elements would accumulate in the soils closest
to the roots (root zone) compared to soils further aware (bulk zone). However, plant growth became
limited to the top 10 cm of soil and did not form a rhizoplane by growing a dense mat of roots along the
inside of the inner mesh. This may be due to the plant reaching its optimum root length and mass or
insufficient nutrients in the soil for growth. The experimental setup needs to be modified so that the plant
would produce sufficient roots to create a rhizoplane and so that element content of the soil could be
determined at different distances from the roots.
6.4.2. Future shallow lakes studies

Shallow lakes can shift between a clear and turbid regime within one to several years (Blindow et
al. 1998; Bayley et al. 2007). Natural resource managers and researchers have studied these regime
shifts for years, but still do not understand the mechanisms behind these shifts. Studies by Scheffer and
Jeppesen (1998) and Zimmer et al. (2002, 2009) investigated the role of plants, fish, water levels and
total phosphorus. | collected data from clear macrophyte-dominated lakes and turbid phytoplankton-
dominated lakes to understand the dynamics of shallow lake ecosystems. Studies involving repeated
sampling of the same lakes over several years should be conducted to determine the role of the water

and sediment chemistry in clear, turbid and shifting regimes. These studies may give an indication of the
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Figure 6.4. Column apparatus for mass balance experiment showing column components on the left and
sampling locations on the right.

role of the water and sediment chemistry in the switching of lakes from clear to turbid and vice versa. The
scale of my shallow lake study did not focus on the influence of plants on the element concentrations of
the water and sediments. To do this, | would need to examine element concentrations within and outside
macrophyte beds. These studies should also be carried out in clear, turbid and shifting regimes to

determine if macrophytes play different roles.
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The shallow lakes study reported in this research found that Si concentrations were higher and
Mn concentrations lower in the low macrophyte abundance lakes. The low macrophyte abundance lakes
had higher turbidities and higher chlorophyll-a concentrations than high macrophyte abundance lakes
which indicate high phytoplankton biomass in these lakes (Landers 1982; Bayley and Prather 2003).
Research has shown that algal growth is influenced by Si concentrations (Egge and Aksnes 1992;
Sigmon and Cahoon 1997; Quiroz-Vazquez et al. 2008), however, the influence of Mn concentrations on
phytoplankton growth is unknown. Controlled experiments are needed to further investigate the role of Si
and Mn in lake turbidity and phytoplankton growth. The root zone studies indicated that emergent
wetland plants can accumulate elements in the root zone and tissues and as constituents of fringe
vegetation may also influence lake turbidity and nutrient inputs. Field surveys and shoreline restoration
studies are needed to determine the impacts of fringe vegetation on lake turbidity of shallow lakes.
6.5. Final conclusions

Plants in wet ecosystems play important roles in the cycling and sequestering of nutrients. On
the small scale, the root zone studies showed that wetland plants influence the mobility and plant uptake
of multiple elements. On a larger scale, the shallow lakes study indicated that plants may play the role of

stabilizing sediments and minimizing the subsequent release of nutrients from sediments.

144



REFERENCES
Ahlgren G (1970) Limnological studies of Lake Norrviken, a eutrophicated Swedish lake. Swiss Journal of
Hydrology 32: 353—-396.
Albert DA, Minc LD (2004) Plants as regional indicators of Great Lakes coastal wetland health. Aquatic
Ecosystem Health and Management 7: 233-247.

Alloway BJ (1995) Soil processes and the behavior of metals. Heavy Metals in Soils 2" Edition. Blackie
Academic and Professional, Glasgow, UK, pp. 11-37.

Antonovics J, Bradshaw AD, Turner RG (1971) Heavy metal tolerance in plants. Advances in Ecological
Research 7: 1-85.

Armstrong J, Armstrong W (2001) Rice and Phragmites: effects of organic acids on growth, root
permeability, and radial oxygen loss to the rhizosphere. American Journal of Botany 88: 1359-
1370.

Armstrong J, Armstrong W, Beckett PM (1992) Phragmites australis: venture- and humidity-induced
pressure flows enhance rhizome aeration and rhizosphere oxidation. New Phytologist 120: 197-
207.

Armstrong W (1964) Oxygen diffusion from the roots of some British bog plants. Nature, 204: 801-802.

Armstrong W (1967) The Oxidizing activity of roots in waterlogged soils. Physiologia Plantarum 20: 920-
926.

Armstrong W (1978) Root aeration in the wetland condition. In: Hook, D.D., Crawford, R.M.M. (eds.),
Plant Life in Anaerobic Environments. Ann Harbor Science Publishers Inc., Ann Harbor, MI, pp.
269-297.

Assadian N, Fenn LB (2001) Rhizosphere chemical changes enhance heavy metal absorption by plants
growing in calcareous soils. In: Gobran GR, Wenzel WW, Lombi E (eds.), Trace Elements in the
Rhizopshere. CRC Press, Boca Raton, FL. pp. 3-24.

Atkinson CL, Golladay SW, First MR (2011) Water quality and planktonic microbial assemblages of

isolated wetlands in an agricultural landscape. Wetlands 31: 885-894.
Azaizeh H, Salhani N, Sebesvari Z, Shardendu S, Emons H (2006) Phytoremediation of selenium using

subsurface-flow constructed wetland. International Journal of Phytoremediation 8: 187-198.

145



Bacha RE, Hossner LR (1977) Characteristics of coatings formed on rice roots as affected by iron and
manganese additions. Soil Science Society of America 41: 931-935.

Baldatoni D, Alfani A, Tommasi PD, Bartoli G, De Santo AV (2004) Assessment of macro and
microelement accumulation capability of two aquatic plants. Environmental Pollution 130: 149-
156.

Barber S (1962) A diffusion and mass-flow concept of soil nutrient availability. Soil Science 93: 39-49.

Barko JW, Gunnison D, Carpenter SR (1991) Sediment interactions with submersed macrophyte growth

and community dynamics. Aquatic Botany 41: 41-65.

Barko JW, James WF (1998) Effects of submerged aquatic macrophytes on nutrient dynamics,
sedimentation, and resuspension. In: Jeppesen E, Sondergaard M, Sondergaard M,
Christofferson K (eds.). The Structuring Role of Submerged Macrophytes in Lakes. Ecological
Studies 131: Springer, Verlag, New York. pp. 197-214.

Barko JW, Smart RM (1980) Mobilization of sediment phosphorus by submersed fresh-water
macrophytes. Freshwater Biology 10: 229-238.

Barko JW, Smart RM (1981) Sediment-based nutrition of submersed macrophytes. Aquatic Botany 10:
339-352.

Barko JW, Smart RM (1983) Effect of organic matter additions to sediment on the growth of aquatic
plants. Journal of Ecology 71: 161-175.

Barko JW, Smart RM (1986) Sediment-related mechanisms of growth limitation in submersed
macrophytes. Ecology 67: 1328-1340.

Barko JW, Smart RM, McFarland DG, Chen RL (1988) Interrelationships between the growth of Hydrilla
verticillata (L.f.) Royle and sediment nutrient availability. Aquatic Botany 32: 205-216.

Baskin JM, Baskin CC (1978) A contribution to the germination ecology of Rumex crispus L. Bulletin of
the Torrey Botanical Club 105: 278-281.

Bayley SE, Prather CM (2003) Do wetlands exhibit alternative stable states? Submersed aquatic

vegetation and chlorophyll in western boreal shallow lakes. Limnology and Oceanography 48:

2335-2345.

146



Bayley SE, Creed IF, Sass GZ, Wong AS (2007) Frequent regime shifts in trophic states in shallow lakes
on the Boreal Plain: alternative “unstable” states? Limnology and Oceanography 52: 2002-2012.

Begg CBM, Kirk GJD, Mackenzie AF, Neue HU (1994) Root-induced iron oxidation and pH changes in
the lowland rice rhizosphere. New Phytologist 128: 469-477.

Bertsch PM, Bloom PR (1996) Aluminum. In: Sparks DL (ed.). Methods of Soil Analysis. Part 3. Chemical
Methods - SSSA Book Ser. 5. SSSA, Madison, WI. pp. 517-550.

Binkley D, Sollins P (1990) Factors determining differences in soil pH in adjacent confier and alder-conifer

stands. Soil Science Society of America Journal 54: 1427-1433.

Blindow | (1992) Long-term and short-term dynamics of submerged macrophytes in two shallow eutrophic
lakes. Freshwater Biology 28: 15-27.

Blindow |, Hargeby A, Andersson G (1998) Alternative stable states in shallow lakes: what causes a shift?
In: Jeppesen E, Sondergaard M, Sondergaard M, Christofferson K (eds.), The Structuring Role of
Submerged Macrophytes in Lakes, Ecological Studies 131. Springer, Verlag, New York, pp. 353-
360.

Blute NK, Brabander DJ, Hemond HF, Sutton SR, Newville MG, Rivers ML (2004) Arsenic sequestration

by ferric iron plaque on cattail roots. Environmental Science and Technology 38: 6074-6077.

Bodelier PLE (2003) Interactions between oxygen-releasing roots and microbial processes in flooded
soils and sediments. In: De Kroon H, Visser EJW (eds.), Root Ecology, Ecological Studies, Vol.
168: Springer-Verlag Berlin Heidelberg, Germany, pp. 331-362.

Borcard D, Legendre P, Drapeau P (1992) Partialling out the spatial component of ecological variation.

Ecology 73: 1045-1055.

Borman S, Korth R, Temte J (1997) Through the Looking Glass: A Field Guide to Aquatic Plants.
Wisconsin Lakes Partnership, Stevens Point, WI.

Brimecombe MJ, De Leij FA, Lynch JM (2001) The effect of root exudates on rhizosphere microbial
populations, In: Pinton R, Varanini Z, Nannipieri P (eds.), The Rhizosphere: Biochemistry and
Organic Substances at the Soil-Plant Interface. Marcel Dekker, Inc., New York, pp. 95-119.

Brix H (1997) Do macrophytes play a role in constructed treatment wetlands. Water Science and

Technology 35:11-17.

147



Brix H, Lyngby JE (1983) The distribution of some metallic element in eelgrass (Zostera marina L.) and
sediment in the Limfjord, Denmark. Estuarine, Coastal and Shelf Science 16: 455-467.
Brooker RJ, Widmaier EP, Graham LE, Stiling PD (2008) Biology. McGraw-Hill, New York, NY, pp.788-

789.

Carignan R (1985) Nutrient dynamics in a littoral sediment colonized by the submersed macrophyte
Myriophyllum spicatum. Canadian Journal of Fisheries and Aquatic Sciences 42: 1303-1311.

Carignan R, Kalff J (1980) Phosphorus sources for aquatic weeds: water or sediments? Science 207:

987-989.

Carpenter SR, Lodge DM (1986) Effects of submersed macrophytes on ecosystem processes. Aquatic
Botany 26: 341-370.

Cataldo DA, Wildung RE (1978) Soil and plant factors influencing the accumulation of heavy metals by
plants. Environmental Health Perspectives 27: 149-159.

Chang J (1991) Effects of lanthanum on the permeability of root plasmalemma and the absorption and
accumulation of nutrients in rice and wheat. Plant Physiology Communications 27: 17-21.

Chen CC, Dixon JB, Turner FT (1980) Iron coatings on rice roots: mineralogy and quantity influencing
factors. Soil Science Society of America Journal 44: 635-639.

Chen RL, Barko JW (1988) Effects of freshwater macrophytes on sediment chemistry. Journal of

Freshwater Ecology 4: 279-289.

Chen YM, Wang MK, Zhuang SY, Chiang PN (2006) Chemical and physical properties of rhizosphere
and bulk soils of three tea plants cultivated in Ultisols. Geoderma 136: 378-387.

Choi JH, Park SS, Jaffe PR (2006) The effect of emergent macrophytes on the dynamics of sulfur species
and trace metals in wetland sediments. Environmental Pollution 140: 286-293.

Christensen KK, Jensen HS, Andersen FO, Wigand C, Holmer M (1998) Interferences between root
plaque formation and phosphorus availability for isoteids in sediments of oligotrophic lakes.
Biogeochemistry 43: 107-128.

Christensen KK, Wigand C (1998) Formation of root plaques and their influence on tissue phosphorus

content in Lobelia dortmana. Aquatic Botany 61: 111-122.

148



Christensen RB, Revsbech NP, Sand-Jensen K (1994) Microsensor analysis of oxygen in the rhizosphere
of the macrophyte Littorella uniflora (L.) Ascherson. Plant Physiology 105: 847-852.

Clarke SJ, Wharton G (2001) Sediment nutrient characteristics and aquatic macrophytes in lowland
English rivers. The Science of the Total Environment 266: 103-112.

Cook CDK (1990) Aquatic Plant Book. SPB Academic Publishing, The Hague, The Netheralnds.

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 L.). Plant and Soil 292: 63-77.

Cronin G, Lewis WM, Schiehser MA (2006) Influence of freshwater macrophytes on the littoral ecosystem
structure and function of a young Colorado reservoir. Aquatic Botany 85: 37-43.

Cronk JK, Fennessy MS (2001) Wetland Plants: Biology and Ecology. Lewis Publishers, CRC Press LLC,
Boca Raton, FL.

Das BK, Gaye B, Kaur P (2008) Geochemistry of Renuka Lake and wetland sediments, lesser Himalya
(India): implications for source-area weathering, prvenance, and tectonic setting. Environmental
Geology 54: 147-163.

Davies B (1994) Soil chemistry and bioavailability with special reference to trace elements. In: Farago M
(ed.), Plants and the Chemical Elements: Biochemistry, Uptake, Tolerance and Toxicity.
Weinheim: VCH Verlagsgesellschaft. pp. 2-30.

De Laune RD, Reddy CN, Patrick WH (1981) Effect of pH and redox potential on concentration of
dissolved nutrients in an estuarine sediment. Journal of Environmental Quality 10: 276-279.

Deiana S, Manunza B, Palma A, Premoli A, Gessa C (2001) Interactions and mobilization of metal ions at
the soil-root interface. In: Gobran GR, Wenzel WW, Lombi E (eds.), Trace Elements in the
Rhizopshere. CRC Press, Boca Raton, FL. pp. 127-148.

Del Pozo R, Fernandez-Alaez C, Fernadez-Alaez M (2011) The relative importance of natural and
anthropogenic effects on community composition of aquatic macrophytes in Mediterranean ponds.
Marine and Freshwater Research 62: 101-109.

Doyle MO, Otte ML (1997) Organism-induced accumulation of iron, zinc and arsenic in wetland soils.

Environmental Pollution 96: 1-11.

149



Dufrene M, Legendre P (1997) Species assemblages and indicator species: the need for flexible
symmetrical approach, Ecological Monographs 67: 345-366.

Eberhard F, Knoche D, Meyer D (1994) A new approach for rhizosphere research by x-ray microanalysis

of micro-liter solutions. Plant and Soil 161: 219-223.

Egge JK, Aksnes DL (1992) Silicate as regulating nutrient in phytoplankton competition. Marine Ecology
Progress Series 83: 281-289.

Eggers SD, Reed DM (1997) Wetland Plants and Plant Communities of Minnesota and Wisconsin, 2

edition. U.S. Army Corps of Engineers, St. Paul, MN.

Emerson D, Weiss J, Megonigal JP (1999) Iron-oxidizing bacteria are associated with ferric hydroxide
precipitates (Fe-Plaque) on the roots of wetland plants. Applied and Environmental Microbiology
65: 2758-2761.

Ernst WHO (1995) Sampling of plant material for chemical analysis. Science of the Total Environment
176: 15-24.

Faafeng BA, Mjelde, M (1998) Clear and turbid water in shallow Norwegian lakes related to submerged
vegetation. In: Jeppesen E, Sondergaard M, Sondergaard M, Christofferson K (eds.), The
Structuring Role of Submerged Macrophytes in Lakes, Ecological Studies 131. Springer, Verlag,
New York, pp. 361-368.

Ferdelman TG, Church TM, Luther GW Il (1991) Sulfur enrichment of humic substances in a Delaware

salt marsh sediment core. Geochemica et Cosmochimica Acta 55: 979-988.

Flessa H (1994) Plant-induced changes in the redox potential of the rhizosphere of the submerged
vascular macrophytes Myriophyllum verticillatum L, Ranunculus circinatus L. Aquatic Botany 47:
119-129.

Flessa H, Fischer WR (1992) Plant-induced changes in the redox potentials of rice rhizospheres. Plant
and Soil 143: 55-60.

Foster RC, Rovira AD, Cock TW (1983) Ultrastructure of the Root-Soil Interface. The American
Phytopathological Society, St. Paul, MN.

Fraterrigo JM, Downing JA (2008) The influence of land use on lake nutrients varies with watershed

capacity. Ecosystems 11: 1021-1034.

150



Frausto da Silva JJR, Williams RJP (2001) The Biological Chemistry of the Elements, 2" edition. Oxford
University Press, New York.

Fritioff A, Greger M (2003) Aquatic and terrestrial plant species with potential to remove heavy metals

from storm water. International Journal of Phytoremediation 5: 211-224.

Fritioff A, Greger M (2006) Uptake and distribution of Zn, Cu, Cd and Pb in an aquatic plant Potamogeton
natans. Chemosphere 63: 220-227.

Frommer J, Voegelin A, Dittmar J, Marcus MA, Kretzschmar R (2011) Biogeochemical processes and
arsenic enrichment around rice roots in paddy soil: results from micro-focused X-ray
spectroscopy. European Journal of Soil Science 62: 305-317.

Gambrell RP, Patrick WH (1978) Chemical and microbiological properties of anaerobic soils and
sediments, In: Hook DD, Crawford RMM (eds.), Plant Life in Anaerobic Environments. Ann
Harbor Science Publishers Inc., Ann Harbor, MI, pp. 375-423.

Gavlak R, Horneck D, Miller RO, Kotuby-Amacher J (2003) Soil Analytical Methods, Western States
Laboratory, Plant, Soil and Water Analysis Manual. WCC-103 Publication, WREP-125, 2
edition. Department of Crop and Soil Science, Oregon State University, Oregon.

Gerendas J, Radcliffe R (2002) Root pH regulation. In: Waisel Y, Eshel A, Kafkafi U (eds.), Plant Roots
the Hidden Half, 3" edition. New York, NY: Marcel Dekker. pp. 553-586.

Gottschall N, Boutin C, Crolla A, Kinsley C, Champagne P (2007) The role of plants in the removal of
nutrients at a constructed wetland treating agricultural (dairy) wastewater, Ontario, Canada.
Ecological Engineering 29:154-163.

Goulet RR, Pick FR (2001) The effects of cattails (Typha latifolia L.) on concentrations and partitioning of
metals in surficial sediments of surface-flow constructed wetlands. Water, Air and Soil Pollution
132: 275-291.

Graham RD, Stangoulis CR (2003) Trace element uptake and distribution in plants. The Journal of

Nutrition 133: 1502-1505.

Guilizzoni P (1991) The role of heavy metals and toxic materials in the physiological ecology of

submersed macrophytes. Aquatic Botany 41: 87-109.

Hakanson L, Jansson M (1983) Principles of Lake Sedimentology. Springer-Verlag, Berlin, Germany.

151



Hamilton DP, Mitchell SF (1997) Wave-induced shear stresses, plant nutrients and chlorophyll in seven
shallow lakes. Freshwater Biology 38: 159-168.

Hansel-Welch N, Butler MG, Carlson TJ Hanson MA (2001) Ten years of plant community change
following biomanipulation of a large shallow lake. Verhandlungen des Internationalen Verein
Limnologie 27: 3465-3469.

Hansel-Welch N, Butler MG, Carlson TJ, Hanson MA (2003) Changes in macrophyte community structure
in Lake Christina (Minnesota), a large shallow lake, following biomanipulation. Aquatic Botany 75:
323-337.

Heal KV (2001) Manganese and land-use in upland catchments in Scotland. Science of the Total
Environment 265: 169-179.

Hinsinger P (2001) Bioavailability of trace elements as related to root-induced chemical changes in the

rhizosphere. In: Gobran GR, Wenzel WW, Lombi E (eds.), Trace Elements in the Rhizopshere.
CRC Press, Boca Raton, FL. pp. 3-24.

Hinsinger P, Courchesne F (2008) Biogeochemistry of metals and metalloids at the soil-root interface. In:
Violante A, Huang PM, Gadd GM (eds.), Bio-physico-Chemical Processes of Heavy Metals and
Metalloids in Soil Environments, John Wiley and Sons, Inc., Hoboken, NJ, pp. 268-311.

Hoagland CR, Gentry LE, David MB (2001) Plant nutrient uptake and biomass accumulation in a
constructed wetland. Journal of Freshwater Ecology 16: 527-540.

Hgjberg O, Sgrensen J (1993) Microgradients of microbial oxygen consumption in a barley rhizosphere
model system. Applied and Environmental Biology 59: 431-437.

Hong F (2002) Study on the mechanism of cerium nitrate effects on germination of aged rice seed.
Biological Trace Element Research 87: 191-200.

Horppila J, Nurminen L (2003) Effects of submerged macrophytes on sediment resuspension and internal

phosphorus loading in Lake Hiidenvesi (southern Finland). Water Research 37: 4468-4474.

Horppila J, Nurminen L (2005) Effects of different macrophyte growth forms on sediment and P
resuspension in a shallow lake. Hydrobiologia 545: 167-175.

Horst WJ, Marschner H (1978) Effect of silicon on manganese tolerance of bean plants (Phaseolus

vulgaris L.). Plant and Soil 50: 287-303.

152



Howeler RH (1973) Iron-induced oranging disease of rice in relation to physico-chemical changes in a
flooded oxisol. Soil Science Society of America Journal 37: 898-903.
Hupfer M, Dollan A (2003) Immobilisation of phosphorus by iron-coated roots of submerged macrophytes.
Hydrobiologia 506-509: 635-640.
Husband BC, Hickman M (1989) The frequency and local abundance of Ruppia occidentalis in relation to
sediment texture and lake salinity. Canadian Journal of Botany 67: 2444-2449.
Inderjit, Weston LA (2003) Root Exudates; an overview. In: De Kroon H, Visser EJW (eds.), Root
Ecology, Ecological Studies, Vol. 168, Springer-Verlag Berlin Heidelberg, Germany, pp. 235-255.
Jackson LJ (1998) Paradigms of metal accumulation in rooted aquatic vascular plants. The Science of the
Total Environment 219: 223-231.
Jackson LJ, Kalff J (1993) Patterns in metal content of submerged aquatic macrophytes: the role of plant
growth form. Freshwater Biology 29: 351-359.
Jackson LJ, Kalff J (1994) Myriophyllum spicatum pumps essential and nonessential trace elements from
sediments to epiphytes. Canadian Journal of Fisheries and Aquatic Sciences 51: 1769-1773.
Jackson LJ, Kalff J, Rasmussen JB (1993) Sediment pH and redox potential affect the bioavailability of
Al, Cu, Fe, Mn and Zn to rooted aquatic macrophytes. Canadian Journal of Fisheries and Aquatic
Sciences 50: 143-148.
Jackson LJ, Rasmussen JB, Kalff J (1994) A mass-balance analysis of trace metals in two weedbeds,
Water Air and Soil Pollution 1994: 75: 107-119.
Jackson LJ, Rasmussen JB, Peters RH, Kalff J (1991) Empirical relationships between the element
composition of aquatic macrophytes and their underlying sediments. Biogeochemistry 12: 71-86.
Jacob DL, Otte ML (2003) Conflicting processes in the wetland plant rhizosphere: metal retention or
mobilization? Water, Air and Soil Pollution 3: 91-104.
Jacob DL, Otte ML (2004a) Long-term effects of submergence on metals in a 90-year old abandoned Pb-
Zn tailings pond. Environmental Pollution 130: 337-345.
Jacob DL, Otte ML. (2004b) Influence of Typha latifolia and fertilization on metal mobility in two different

Pb-Zn mine tailings types. Science of the Total Environment 333: 9-24.

153



Jaynes ML, Carpenter SR (1986) Effects of vascular and non-vascular macrophytes on sediment redox
and solute dynamics. Ecology 67: 875-882.

Jenne EA (1977) Trace element sorption by sediments and soils-sites and processes. In: Chappell WR,
Petersen KK, (eds.), Molybdenum in the Environment, Vol. 2, New York, Marcel Dekker.

Jiang FY, Chen X, Luo AC (2009) Iron plaque formation on wetland plants and its influence on
phosphorus, calcium and metal uptake. Aquatic Ecology 43: 879-890.

Jones DL, Darrah PR, Kochian LV (1996) Critical evaluation of organic acid mediated iron dissolution in
the rhizosphere and its potential in root iron uptake. Plant and Soil 180: 57-66.

Jones JG, Simon BM, Roscoe JV (1982) Microbiological sources of sulfide in freshwater lake sediments.
Journal of General Microbiology 128: 2833-2839.

Jungk AO (2002) Dynamics of nutrient movement at the soil-root interface. In: Waisel Y, Eshel A, Kafkafi
U (eds.). Plant Roots: the Hidden Half, 3" edition. Marcel Dekker, Inc. New York, NY, pp. 587-
616.

Justin SHFW, Armstrong W (1987) The anatomical characteristics of roots and plant response to soil
flooding. New Phytologist 106: 465-495.

Kabata-Pendias A, Pendias H (2001) Trace Elements in Soils and Plants. CRC press LLC., Boca Raton,

FL.

Kamal M, Ghaly AE, Mahmoud N, C6té R (2004) Phytoaccumulation of heavy metals by aquatic plants.
Environment International 29: 1029-1039.

Kapulnik Y, Okon Y (2002) Plant growth promotion by rhizosphere bacteria. In: Waisel Y, Eshel A, Kafkafi
U (eds.). Plant Roots: the Hidden Half, 3" edition. Marcel Dekker, Inc. New York, NY, pp. 869-
885.

Kemp WM, Murray L (1986) Oxygen release from roots of the submersed macrophyte Potamogeton
perfoliatus L.: regulating factors and ecological implications. Aquatic Botany 26: 271-283.

Keskinan O, Goksu MZL, Basibuyuk M, Forster CF (2003) Heavy metal adsorption characteristics of a
submerged aquatic plant (Myriophyllum spicatum). Process Biochemistry 39: 179-183.

Keskinan O, Goksu MZL, Basibuyuk M, Forster CF (2004) Heavy metal adsorption of a submerged

aquatic plant (Ceratophyllum demersum). Bioresource Technology 92 197-200.

154



Kidd P, Varcel6 J, Bernal MP, Navari-l1zzo F, Poschenrieder C, Shilev S, Clemente R, Monterroso C
(2009) Trace element behavior at the soil-root interface: implications in phytoremediation.
Environmental and Experimental Botany 67: 243-259.

Kirk GJD (2004) The Biogeochemistry of Submerged Soils. John Wiley and Sons, Ltd., West Sussex,
England.

Kirk GJD, Bajita JB (1995) Root-induced iron oxidation, pH changes and zinc solubilization in the
rhizosphere of lowland rice. New Phytologist 131: 129-137.

Kissoon LT, Jacob DL, Otte ML (2010) Multi-Element accumulation near Rumex crispus roots under
wetland and dryland conditions. Environmental Pollution 158: 1834-1841.

Kissoon LT, Jacob DL, Otte ML (2011) Multiple elements in Typha angustifolia rhizosphere and plants:
Wetland versus dryland. Environmental and Experimental Botany 72: 232-241.

Koch EW (2001) Beyond light: physical, geological and geochemical parameters as possible submersed

aquatic vegetation requirements. Estuaries 24: 1-17.

Kuchenbuch R, Jungk A (1982) A method for determining concentration profiles at the soil-root interface
by thin slicing rhizosphere soil. Plant and Soil 68: 391-394.

Kufel L, Kufel | (2002) Chara beds acting as nutrient sinks in shallow lakes — a review. Aquatic Botany 72:
249-260.

Laan P, Smolders A, Blom CWPM, Armstrong W (1989) The relative roles of internal aeration, radial
oxygen losses, iron exclusion and nutrient balances in flood-tolerance of Rumex species. Acta
Botanica Neerlandica 38: 131-145.

Landers DH (1979) Nutrient release from senescing milfoil and phytoplankton response. In: Breck JE,
Prentki RT, Loucks OL (eds.), Aquatic Plants, Lake Management, and Ecosystem Consequences
of lake Harvesting. Proceedings of Conference at Madison, Wisconsin, pp. 127-143.

Landers DH (1982) Effects of naturally senescing aquatic macrophytes on nutrient chemistry and
chlorophyll-a of surrounding waters. Limnology and Oceanography 27: 428-439.

Laskov C, Horn O, Hupfer M (2006) Environmental factors regulating the radial oxygen loss from roots of

Myriophyllum spicatum and Potamogeton crispus. Aquatic Botany 84: 33-340.

155



Lattin J, Carroll JD, Green PE (2003) Analyzing Multivariate Data. Thomson Learning, Inc., Pacific Grove,
CA.

Lie GB (1979) The influence of aquatic macrophytes on the chemical cycles of the littoral. In: Breck JE,

Prentki RT, Loucks OL (eds.), Aquatic Plants, Lake Management, and Ecosystem Consequences
of lake Harvesting. Proceedings of Conference at Madison, Wisconsin, pp. 101-126.

Liu HJ, Zhang JL, Christie P, Zhang FS (2008) Influence of iron plaque on uptake and accumulation of
Cd by rice Oryza sativa L. seedlings grown in soil. Science of the Total Environment 394: 361-
368.

Lombi E, Wenzel WW, Gobran GR, Adriano DC (2001) Dependency of phytoavailability of metals on
indigenous and induced rhizosphere processes: a review. In: Gobran GR, Wenzel WW, Lombi E
(eds.), Trace Elements in the Rhizopshere. CRC Press, Boca Raton, FL, pp. 3-24.

Lorenz SE, Hamon RE, Holm PE, Domingues HC, Sequeira EM, Christensen TH, McGrath SP (1997)

Cadmium and zinc in plants and soil solutions from contaminated soils. Plant and Soil 189:; 21-31.

Lougheed VL, Crosbie B, Chow-Fraser P (2001) Primary determinants of macrophyte community
structure in 62 marshes across the Great Lakes basin: latitude, land use, and water quality effects.
Canadian Journal of Fisheries and Aquatic Sciences 58: 1603-1612.

Luo YM, Christie P, Baker AJM (2000) Soil solution Zn and pH dynamics in non-rhizosphere soil and in
the rhizosphere of Thlaspi caerulescens grown in a Zn/Cd-contaminated soil. Chemosphere 41:
161-164.

Lusardi BA (1997) Minnesota at a Glance, Quaternary Glacial Geology. Minnesota Geological Survey, St.

Paul, MN.

Macfie S, Crowder AA (1987) Soil factors influencing ferric hydroxide plaque formation on roots of Typha
latifolia L. Plant and Soil 102: 177-184

Mackie G (2004) Applied Aquatic Ecosystem Concepts, 2" edition. Kendall-Hunt Publishing Company,
Dubuque, lowa.

Madsen JD, Wersal RM, Woolf TE (2007) A new core sampler for estimating biomass of submersed

aquatic macrophytes. Journal of Aquatic Plant Management 45:31-34.

156



Maksimovi¢ JD, Mojovi¢ M, Maksimovi¢ V, Romheld V, Nikoloc M (2012) Silicon ameliorates manganese
toxicity in cucumber by decreasing hydroxyl radical accumulation in the leaf protoplast. Journal of
Experimental Botany, doi:10.1093/jxb/err359.

Marschner H (1995) Mineral Nutrition of Higher Plants, 2" edition. Academic Press, Inc., London.

Marschner H, Rémheld V, Horst WJ, Martin P (1986) Root-induced changes in the rhizosphere:
importance for the mineral nutrition of plants. Journal of Plant Nutrition and Soil Science 149: 441-
456.

Martin-Jézéquel V, Hildebrand M, Brzezinski MA (2000) Silicon metabolism in diatoms: implications for
growth. Journal of Phycology 36: 821-840.

Mathys W (1980) Zinc tolerance by plants. In: Nriagu JO (ed.), Zinc in the environment, Part Il: Health

effects. John Wiley and Sons, New York, pp. 415-438.

Matthews DJ, Moran BM, McCabe PF, Otte ML (2004) Zinc tolerance, uptake and accumulation in plants
and protoplasts of five European populations of the wetland grass Glyceria fluitans. Aquatic
Botany 80: 39-52.

McBride MB (1994) Environmental Chemistry of Soils. Oxford University Press, New York.

McCabe OM, Baldwin JL, Otte ML (2001) Metal tolerance in wetland plants? Minerva Biotechnologica 13:
141-149.

McClave JT, Sincich T (2006) Statictics, 10™ edition. Pearson Education, Inc., Upper saddle River, NJ.

McCune B, Grace JB (2002) Analysis of Ecological Communities. MjM Software Design, Gleneden
Beach, OR.

McCune B, Mefford MJ (2010) PC-ORD. Multivariate analysis of ecological data. Version 6. MjM
Software Design, Gleneden Beach, OR.

McGrath SP, Shen ZG, Zhao FJ (1997) Heavy metal uptake and chemical changes in rhizosphere of
Thilaspi caerulescens and Thlaspi ochroleucum grown in contaminated soils. Plant and Soil 188:
153-159.

Mclintosh AW, Shephard BK, Mayes RA, Atchison GJ, Nelson DW (1978) Some aspects of sediment
distribution and macrophyte cycling of heavy metals in a contaminated lake. Journal of

Environmental Quality 7: 301-305.

157



McLoughlin BE, van Loon GW, Crowder AA (1985) Comparison of selected washing treatments on
Agrostis gigantea samples from mine tailings near Copper Cliff Ontario, before analysis for Cu,
Ni, Fe, and K content. Plant and Soil 85:433-436

McNaughton SJ, Folsom TC, Lee T, Park F, Price C, Roeder D, Schmitz J, Stockwell C (1974) Heavy
Metal Tolerance in Typha latifolia without the evolution of tolerant races. Ecology 55: 1163-1165.

Mehra A, Farago ME (1994) Metal ions and plant nutrition. In: Farago M (ed.), Plants and the Chemical
Elements: Biochemistry, Uptake, Tolerance and Toxicity. VCH Verlagsgesellschaft, Weinheim,
Germany, pp. 32-66.

Melzer A (1999) Aquatic macrophytes as tools for lake management. Hydrobiologia, 395/396: 181-190.

Mendelssohn IA (1993) Factors controlling the formation of oxidized root channels: A review and
annotated bibliography. Wetlands Research Program Technical Report RP-DE-5. Wetland
Biogeochemistry Institute, Baton Rouge, LA.

Mengel K, Kirkby EA (1978) Principles of Plant Nutrition. International Potash Institute Berne,
Switzerland.

Mi WJ, Zhu DW, Zhou YY, Zhou HD, Yang TW, Hamilton DP (2008) Influence of Potamogeton crispus
growth on nutrients in the sediment and water of Lake Tangxunhu. Hydrobiologia 603: 139-146.

Mickle AM, Wetzel RG (1978) Effectiveness of submersed angiosperm — epiphyte complexes on
exchange of nutrients and organic carbon in littoral systems. I. Inorganic nutrients. Aquatic
Botany 4: 303-316.

Minnesota Geospatial Information Office Staff (1999) Minnesota Land Use and Cover: 1990s Census of
the Land. Minnesota Geospatial Information Office, St. Paul, MN.
<http://www.mngeo.state.mn.us/landuse/>

Mitsch WJ, Gosselink JG (2007) Wetlands, 4™ edition. John Wiley and Sons, Inc. Hoboken, NJ.

Mitsui S (1965) Dynamic aspects of nutrient uptake. In: International Rice Research Institute (ed.), The

mineral nutrition of the rice plant. Johns Hopkins University Press, Baltimore, MD. pp. 53-62.

Mijelde M, Faafeng BA (1997) Ceratophyllum demersum hampers phytoplankton development in small

Norwegian lakes over a wide range of phosphorus concentrations and geographical latitude.

Freshwater Biology 37: 355-365.

158



Moore BC, Lafer JE, Funk WH (1994) Influence of aquatic macrophytes on phosphorus and sediment
porewater chemistry in a freshwater wetland. Aquatic Botany 49: 137-148.
Morrissey J, Guerinot M (2009) Trace elements: too little or too much and how plants cope. F1000
Biology Reports 1: 14.
Moyle JB (1945) Some chemical factors influencing the distribution of aquatic plants in Minnesota.
American Midland Naturalist 34: 402-420.
Neubauer SC, Toledo-Duran GE, Emerson D, Megonigal JP (2007) Returning to their roots: iron oxidizing
bacteria enhance short-term plague formation in the wetland plant rhizosphere. Geomicrobiology
Journal 24: 65-73.
Neumann G, Rémheld V (2002) Root-induced changes in the availability of nutrients in the rhizosphere.
In: Waisel Y, Eshel A, Kafkafi U (eds.), Plant Roots: the Hidden Half, 3" edition. Marcel Dekker,
Inc. New York, NY, pp. 617-649.
Newton RM, Weintraub J, April R (1987) The relationship between surface water chemistry and geology
in the North Branch of the Moose River. Biogeochemistry 3:21-35.
Nilsson A, Hakanson A (1992) Relationships between drainage area characteristics and lake water
quality. Environmental Geology and Water Sciences 19: 75-81.
Nurminen L, Horppila J (2009) Life form dependent impacts of macrophyte vegetation on the ratio of
resuspended sediments. Water Research 43: 3217-3226.
Nye PH (1981) Changes of pH across the rhizosphere induced by roots. Plant and Soil, 61: 7-26.
Odum WE, Mclvor CC (1980) Mangroves. In: Myers RL, Ewel JJ, Ecosystems of Florida. University of
Florida Press, Orlando, Florida, pp. 517-548.
Ojakangas RW, Matsch CL (1982) Minnesota’s Geology. University of Minnesota, Minneapolis, MN.
Otte ML, Dekkers MJ, Rozema J, Broekman RA (1991) Uptake of arsenic by Aster tripolium in relation to
rhizosphere oxidation. Canadian Journal of Botany 69: 2670-2677.
Otte ML, Kearns CC, Doyle MO (1995) Accumulation of arsenic and zinc in the rhizosphere of wetland
plants. Bulletin of Environmental Toxicology 55: 154-161.
Otte ML, Matthews DJ, Jacob DL, Moran BM, Baker AJM (2004) Biogeochemistry of metals in the

rhizosphere of wetland plants — an explanation for ‘innate’ metal tolerance? In: Wong MH (ed.),

159



Wetland Ecosystems in Asia: Function, usage and management. Developments in Ecosystems 1.
Elsevier, Amsterdam, pp. 87-94.

Otte ML, Rozema J, Koster L, Haarsma MS, Broekman RA (1989) Iron plaque in roots of Aster tripolium
L.: interaction with zinc uptake. New Phytologist 111: 309-317.

Parker DR, Reichman SM, Crowley DE (2005) Metal chelation in the rhizosphere. In: Zobel RW, Wright
SF (eds.), Roots and Soil Management: Interaction between Roots and the Soil, Agronomy
Monograph No. 48. American Society of Agronomy, Crop Science Society of America, Soil
Science Society of America, Madison, WI, pp. 57-93.

Parker JI, Conway HL, Yaguchi EM (1977) Dissolution of diatom frustules and recycling of amorphous
silicon in Lake Michigan. Journal of the Fisheries Research Board of Canada 34: 545-551.

Patrick WH, Gambrell RP, Faulkner SP (1996) Redox measurements of soils, in: Sparks, D.L. (ed.),
Methods of Soil Analysis. Part 3. Chemical Methods - SSSA Book Ser. 5. SSSA, Madison, WI,
pp. 1267-1269.

Peck JE (2010) Multivariate Analysis for Community Ecologists: Step-by-Step using PC-ORD. MjM

Software Design, Gleneden Beach, OR.

Perleberg D, Loso S (2009) Aquatic vegetation of Howard Lake (DOW 86-0199-00), Wright County,
Minnesota, 2008. Minnesota Department of Natural Resources, Ecological Resources Division,
Brainerd, MN.

Peverly JH, Brittain J (1978) Effect of Milfoil (Myriophyllum spicatum L.) on phosphorus movement

between sediment and water. Journal of Great Lakes Research 4: 62-68.

Philips GL, Eminson D, Moss B (1978) A mechanism to account for macrophyte decline in progressively
eutrophicated freshwaters. Aquatic Botany 4: 103-126.

Pinder JE, Hinton TG, Whicker FW (2006) Foliar uptake of cesium from the water column by aquatic

macrophytes. Journal of Environmental Radioactivity 85: 23-47.

Ponnamperuma FN (1972) The Chemistry of submerged soils. Advances in Agronomy 24: 29-96.

Povidisa K, Delefosse M, Holmer M (2009) The formation of iron plaques on roots and rhizomes of the
seagrass Cymodocea serrulata (R. Brown) Ascherson with implications for sulfide intrusion.

Aquatic Botany 90: 303-308.

160



Prentki RT (1979) Depletion of phosphorus from sediment colonized by Myriophyllum spicatum. In: Breck,
JE, Prentki RT, Loucks OL (eds.), Aquatic Plants, Lake Management, and Ecosystem
Consequences of Lake Harvesting. Proceedings of Conference at Madison, Wisconsin, pp. 161-
176.

Puschenreiter M, Schnepf A, Millan IM, Fitz WJ, Horak O, Klepp J, Schrefl T, Lombi E, Wenzel WW
(2005) Changes in Ni biogeochemistry in the rhizosphere of the hyperaccumulator Thlaspi
goesingense. Plant and Soil 271: 205-218.

Qualls RG, Haines BL, Swank WT (1991) Fluxes of dissolved organic nutrients and humic substances in

a deciduous forest. Ecology 72: 254-266.
Quiroz-Vazquez P, White KN, Sigee DC (2008) Aluminium, silicon and transition metal dynamics in a
non-polluted lake: aquatic concentrations and phytoplankton uptake. Hydrobiologia 607: 131-142.
Radwan MA, Shumway JS, DeBell DS (1979) Effects of manganese and manganese-nitrogen
applications on growth and nutrition of Douglas-fir seedlings. USDA Forest Service Research
Paper PNW-265, Pacific Northwest Forest and Range Experiment Station, Portland, OR.

Rattray MR (1995) The relationship between P, Fe and Mn uptakes by submersed rooted angiosperms.
Hydrobiologia 308: 117-120.

Raven PH, Evert RF, Eichorn SE (1992) Biology of Plants, fifth edition. Worth Publishers, Inc., New York,
NY.

Reichman SM, Parker DR (2005) Metal complexation by phtyosiderophores in the rhizosphere. In: Huang
PM, Gobran GR (eds.), Biogeochemistry of Trace Elements in the Rhizosphere. Elsevier,
Amsterdam, The Netherlands. pp. 57-128.

Robinson D, Hodge A, Fitter A (2003) Constraints on the form and function of root systems. In: De Kroon
H, Visser EJW (eds.), Root Ecology, Ecological Studies, Vol. 168: Springer-Verlag Berlin
Heidelberg, Germany, pp. 21-22.

Roden EE, Wetzel RG (1996) Organic carbon oxidation and suppression of methane production by
microbial Fe(lll) oxide reduction in vegetated and unvegetated freshwater wetland sediments.

Limnology and Oceanography 41: 1733-1748.

161



Rooney N, Kalff J (2003) Submerged macrophyte-bed effects on water-column phosphorus, cholorphyll a,
and bacterial production. Ecosystems 6: 797-807.

Rowan JS, Black S, Franks SW (2012) Sediment fingerprinting as an environmental forensics tool

explaining cyanobacteria blooms in lakes. Applied Geography 32: 832-843.

Sadana US, Claassen N (1996) A simple method to study the oxidizing power of rice roots under
submerged soil conditions. Zeitschrift fuer Pflanzenernaehrung und Bodenkunde 159: 643-646.

Sajwan KS, Lindsay WL (1985) Effects of redox on zinc deficiency in paddy rice. Soil Science Society of
America, 50: 1264-1269.

Salt DE, Blaylock M, Kumar NPBA, Dushenkov V, Ensley BD, Chet | (1995) Phytoremediation: A novel
strategy for the removal of toxic metals from the environment using plants. Biotechnology 13:
468-474.

Samecka-Cymerman A, Kempers AJ (2001) Concentrations of heavy metals and plant nutrients in water,
sediments and aquatic macrophytes of anthropogenic lakes (former open cut brown coal mines)
differing in stage of acidification. The Science of the Total Environment 281: 87-98.

Sand-Jensen K (1998) Influence of submerged macrophytes on sediment compositions and near-bed
flow in lowland streams. Freshwater Biology 39: 663-679.

Sand-Jensen K, Prahl C, Stokholm H (1982) Oxygen release from roots of submerged aquatic
macrophytes. Oikos 38: 349-354.

Scheffer M (2004) Ecology of Shallow Lakes. In: Usher MB, DeAngelis DL, Manly BFJ (eds.), Population

and Community Biology Series 202. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Scheffer M, Jeppesen E (1998) Alternative stable states. In: Jeppesen E, Sondergaard M, Sondergaard
M, Christofferson K (eds.), The Structuring Role of Submerged Macrophytes in Lakes, Ecological
Studies 131. Springer, Verlag, New York. pp. 397-406.

Sculthorpe CD (1967) The Biology of Aquatic Vascular Plants. Edward Arnold Publishers Ltd., London.

Sharma P, Asaeda T, Fujino T (2008) Effect of water depth on the rhizome dynamics of Typha
angustifolia. Wetlands Ecology and Management 16: 43-49.

Sheppard SC, Evenden WG (1991) Can aquatic macrophytes mobilize technetium by oxidizing there

rhizosphere? Journal of Environmental Quality 20: 738-744.

162



Shuman LM (2005) Chemistry of micronutrients in soils. In: Tabatabai MA, Sparks DL (eds.), Chemical
Processes in Soils. SSSA Book Series No. 8, Soil Science Society of America, Madison, WI, pp.
293-308.

Sigmon D, Cahoon L (1997) Comparative effects of benthic microalgae and phytoplankton on dissolved

silica fluxes. Aquatic Microbial Ecology 13: 275-284.

Simms JT, Pierzynski GM (2005) Chemistry of Phosphorus. In: Tabatabai MA, Sparks DL (eds.),
Chemical Processes in Soils. SSSA Book Series No. 8, Soil Science Society of America,
Madison, WI, pp. 151-192.

Smith CS, Adams MS (1986) Phosphorus transfer from sediments by Myriophyllum spicatum. Limnology
and Oceanography 31: 1312-1321.

Smith RD, Dennison WC, Alberte RS (1984) Role of seagrass photosynthesis in root aerobic processes.
Plant Physiology 74: 1055-1058.

Soil Survey Staff (2008) Web Soil Survey — Cass County, North Dakota, Natural Resources Conservation
Service, United States Department of Agriculture.
<http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx>

Soil Survey Staff (2012) Official Soil Series Descriptions. Natural Resources Conservation Service, United

States Department of Agriculture. <http://soils.usda.gov/technical/classification/osd/index.html>

Sondergaard M, Moss B (1998) Impact of submerged macrophytes on phytoplankton in shallow
freshwater lakes. In: Jeppesen E, Sondergaard M, Sondergaard M, Christofferson K (eds.), The
Structuring Role of Submerged Macrophytes in Lakes, Ecological Studies 131. Springer, Verlag,
New York. pp. 115-132.

St-Cyr L, Campbell PGC (1994) Trace metals in submerged plants of the St. Lawrence River. Canadian
Journal of Botany 72: 429-439.

St-Cyr L, Campbell PGC (1996) Metals (Fe, Mn, Zn) in the root plaque of submerged aquatic plants
collected in situ: relations with metal concentrations in the adjacent sediments and in the root
tissue. Biogeochemistry 33: 45-76.

St-Cyr L, Campbell PGC, Guertin K (1994) Evaluation of the role of submerged plant beds in the metal

budget of a fluvial lake. Hydrobiologia 291: 141-156.

163



St-Cyr L, Crowder AA (1989) Factors affecting iron plaque on the roots of Phragmites australis (Cav.)
Trin. ex Steudel. Plant and Soil 116: 85-93.

Stephen D, Moss B, Phillips G (1997) Do rooted macrophytes increase sediment phosphorus release?
Hydrobiologia 342/343: 27-34.

Stewart RE, Kantrud HA (1972) Vegetation of prairie potholes, North Dakota, in relation to quality of water
and other environmental factors. U.S. Department of the Interior, Geological Survey Professional
Paper 585-D. U.S. Government Printing Office, Washington, D.C.

Stuckey RL (1975) Submersed aquatic vascular plants as indicators of environmental quality. In: King
CC, Elfner LE (eds.), Organisms and Biological Communities as Indicators of Environmental
Quality. Proceedings of a symposium, Ohio State University, Columbus, Ohio.

Suarez DL (1996) Beryllium, Magnesium, Calcium, Strontium and Barium. In: Sparks DL (ed.), Methods
of Soil Analysis. Part 3. Chemical Methods - SSSA Book Ser. 5. Soil Science Society of America,
Madison, WI, pp. 575.

Sundby B, Vale C, Cacgador |, Catarino F, Madureira MJ, Caetano M (1998) Metal-rich concretions on the
roots of salt-marsh plants: mechanism and rate of formation, Limnology and Oceanography 43:
19-26.

Szymanowska A, Samecka-Cymermann A, Kempers AJ (1999) Heavy metals in three lakes in West
Poland. Ecotoxicology and Environmental Safety 43: 21-29.

Tao S, Liu WX, Chen YJ, Xu FL, Dawson RW, Li BG, Cao J, Wang XJ, Hu JY, Fang JY (2004) Evaluation
of factors influencing root-induced changes of copper fractionation in rhizosphere of a calcareous
soil. Environmental Pollution 129: 5-12.

Taylor GJ, Crowder AA (1983) Uptake and accumulation of copper, nickel, and iron by Typha latifolia
grown in solution culture. Canadian Journal of Botany 61: 1825-1830.

Taylor GJ, Crowder AA, Rodden R (1984) Formation and morphology of an iron plaque on the roots of
Typha latifolia L. grown in solution culture. American Journal of Botany 71: 666-675.

Tessenow U, Baynes Y (1975) Redox-dependent accumulation of Fe and Mn in a littoral sediment

supporting Isoetes lacustris L. Naturwissenschaften 62: 342-343.

164



Tessenow U, Baynes Y (1978) Experimental effects of Isoetes lacustris L. on the distribution of Eh, pH,
Fe and Mn in lake sediments. Verhandlungen der internationalen Vereinigung fur theoretische
und Angewandte Limnologie 20: 2358-2362.

Thiébaut G, Muller S (1998) The impact of eutrophication on aquatic macrophyte diversity in weakly
mineralized streams in the Northern Vosges mountains (NE France). Biodiversity and
Conservation 7:1051-1068.

Tinker PB, Nye PH (2000) Solute Movement in the Rhizosphere. Oxford University Press, Ney York, NY,
pp. 171-172.

Trisal CL, Kaul S (1983) Sediment composition, mud-water interchanges and the role of macrophytes in
Dal Lake, Kasmir. International Revue der gesamten Hydrobiologie und Hydropraphie 68: 671-
682.

Trolldenier G (1988) Visualization of oxidizing power of rice roots and of possible participation of bacteria
in iron deposition. Zeitschrift fuer Pflanzenernaehrung und Bodenkunde 151: 117-121.

United States Salinity Laboratory Staff (1954) Diagnosis and improvement of saline and alkali soils. US
Salinity Lab. In: Richards LA (ed.), US Department of Agriculture Handbook 60. California.

Urban RA, Titus JE, Zhu WX (2006) An invasive macrophyte alters sediment chemistry due to
suppression of a native isoteid. Oecologia 148: 455-463.

van den Berg MS, Coops H, Meijer ML, Scheffer M, Simons J (1998) Clear water associated with a dense

Chara vegetation in the shallow and turbid Lake Veluwemeer, The Netherlands. In: Jeppesen E,
Sondergaard M, Sondergaard M, Christofferson K (eds.), The Structuring Role of Submerged
Macrophytes in Lakes, Ecological Studies 131. Springer, Verlag, New York, pp. 339-352.

van der Welle MEW, Roelofs JGM, Op den Camp HJM, Lamers LPM (2007) Predicting metal uptake by
wetland plants under aerobic and anaerobic conditions. Environmental Toxicology and Chemistry
26: 686-694.

van Dijk GM, van Vierssen W (1991) Survival of Potamogeton pectinatus L. population under various light
conditions in a shallow eutrophic lake (Lake Veluwe) in The Netherlands. Aquatic Botany 39: 121-

129.

165



van Wijngaarden RPA, van Den Brink PJ, Voshaar J.H.O, Leeuwangh P (1995) Ordination techniques for
analyzing response of biological communities to toxic stress in experimental ecosystems.
Ecotoxicology 4: 61-77.

Voegelin A, Weber FA, Kretzschmar R (2007) Distribution and speciation of arsenic around roots in a
contaminated riparian floodplain soil: Micro-XRF element mapping and EXAFS spectroscopy.
Geochemical et Cosmochimica Acta 71: 5804-5820.

Vymazal J (2002) The use of sub-surface constructed wetlands for wastewater treatment in the Czech
Republic: 10 years experience. Ecological Engineering 18: 633-646.

Walker TS, Bais HP, Grotewold E, Vivanco M (2003) Root exudation and rhizosphere biology. Plant
Physiology 132: 44-51.

Wainwright J, Mulligan M, Thornes J (1999) Plants and water in drylands. In: Baird AJ, Wilby RL (eds.),
Eco-Hydrology: Plants and Water in Terrestrial and Aquatic Environments. Routledge, London.

Wang Z, Shan X, Zhang S (2001) Comparison of speciation and bioavailability of rare earth elements
between wet rhizosphere and air dried bulk soil. Analytica Chimica 441: 141-156.

Wang Z, Shan X, Zhang S (2002) Comparison of fractionation and bioavailability of trace elements in
rhizosphere and bulk soils. Chemosphere 46: 1163-1171.

Weis JS, Weis P (2004) Metal uptake, transport and release by wetland plants: implications for

phytoremediation and restoration. Environment International 30: 685-700.

Weiss JV (2003) Enumeration of Fe (ll) —oxidizing and Fe (lll)-reducing bacteria in the root zone of
wetland plants: implications for a rhizosphere iron cycle. Biogeochemistry 64: 77-96.

Welch EB, Perkins MA, Lynch D, Hufschmidt P (1979) Internal phosphorus related to rooted macrophytes
in a shallow lake. In: Beck JE, Prentki RT, Loucks OL (eds.), Aquatic Plants, Lake Management,
and Ecosystem Consequences of Lake Harvesting Conference Proceedings, Madison,
Wisconsin, pp. 81-99.

Wenzel WW, Wieshammer G, Fitz WJ, Puschenreiter M (2001) Novel rhizobox design to assess
rhizosphere characteristics at high spatial resolution. Plant and Soil 237: 37-45.

Whigham DF Jordan TE (2003) Isolated wetland and water quality. Wetlands 23: 541-549.

166



White SD, Ganf GG (1998) The influence of convective flow on rhizome length in Typha domingensis
over a water depth gradient. Aquatic Botany 62: 57-70.

Wigand C, Finn M, Findlay S, Fischer D (2001) Submersed macrophyte effects on nutrient exchanges in
riverine sediments. Estuaries 24: 398-406.

Wigand C, Stevenson JC, Cornell JC (1997) Effects of different submersed macrophytes on sediment
biogeochemistry. Aquatic Botany 56: 233-244.

Wium-Andersen S, Andersen JM (1972) The influence of vegetation on the redox profile of the sediment
of Grane Langso a Danish Lobelia lake. Limnology and Oceanography 17: 948-952.

Wood T, Bormann FH, Voigt GK (1984) Phosphorus cycling in a northern hardwood forest: biological and

chemical control. Science 223: 391-393.

Wright DJ, Otte ML (1999) Wetland plant effects on the biogeochemistry of metals beyond the
rhizosphere. Biology and Environment 99B: 3-10.

Yanes C, Alvarez H, Jaffé R (2006) Geochemistry of a tropical lake (Lake Leopoldo) on pseudo-karst
topography within the Roraima Group, Guayana Shield, Venezuela. Applied Geochemistry 21:
870-886.

Ye Z, Baker AUJM, Wong MH, Willis AJ (1998) Zinc, lead and cadmium accumulation and tolerance in
Typha latifolia as affected by iron plaque on the root surface. Aquatic Botany 61: 55-67.

Ye ZH, Baker AJM, Wong MH, Willis AJ (1997a) Zinc, lead and cadmium tolerance, uptake and
accumulation by Typha latifolia. New Phytologist 136: 469-480.

Ye ZH, Baker AJM, Wong MH, Willis AJ (1997b) Copper and nickel uptake, accumulation and tolerance in
Typha latifolia with and without iron plaque on the root surface. New Phytologist 136: 481-488.

Ye ZH, Cheung KC, Wong MH (2001) Copper uptake in Typha latifolia as affected by iron and
manganese plaque on the root surface. Canadian Journal of Botany 79: 314-320.

Youssef RA, Chino M (1989a) Root-induced changes in the rhizosphere of plants; I. pH changes in
relation to bulk soil. Soil Science and Plant Nutrition 35: 461-468.

Youssef RA, Chino M (1989b) Root-induced changes in the rhizosphere of plants; Il Distribution of heavy

metals across the rhizosphere in soils. Soil Science and Plant Nutrition 35: 609-621.

167



Youssef RA, Chino M (1991) Movement of metals from soil to plant roots. Water, Air and Soil Pollution,
57-58: 249-258.

Zhang F, Volker R, Marschner H (1991) Diurnal rhythm of release of phtyosiderophores and uptake rate
of zinc in iron-deficient wheat. Soil Science and Plant Nutrition 37: 671-678.

Zhang XK, Zhang FS, Mao DR (1998) Effect of iron plaque outside roots on nutrient uptake by rice (Oryza
sativa L.): zinc uptake by Fe-deficient rice. Plant and Soil 202: 33-39.

Zimmer KD, Hanson MA, Butler MG (2003) Interspecies relationships, community structure, and factors

influencing abundance or submerged macrophytes in prairie wetlands. Wetlands 23: 717-728.
Zimmer KD, Hanson MA, Herwig BR, Konsti ML (2009) Thresholds and stability of alternative regimes in

shallow prairie—parkland lakes of central North America. Ecosystems 12: 843-852.

168



