
Continued on page 2 

Note the reddish weathered lateritic soils 
 
     Baron Justus von Liebig in the mid 19th century showed that iron 
(Fe) and manganese (Mn) are essential trace metals required for plant 
growth. Many of the first fertilizer products for aquatic plants where 
iron additives (Kordon, Dupla, Tetra, Jungle). Laterite substrate amend-
ments and liquid ETDA iron supplements where very common in the 
1980’s and 1990’s. Some evolution in iron fertilization occurred in the 
last several years with several companies offering gluconate complex 
iron and DTPH chelation. These had better binding characteristics than 
ETDA at applicable pH ranges although their effects are subtle and 
would be difficult to quantify. This trend also highlighted the increasing 
use of the water column for a source of dosing methods to supply the 
macrophytes with required nutrients. The type of forms taken up by 
plants are Fe+2 (Ferrous), while Fe+3 (Ferric) is reduced to Fe+2 at the 
root before it is absorbed then recomplexed by specific plant internal 
transport chelators. Chelated and complexed forms are also unbound at 
the cell surface leaving behind the chelators / complexation (ETDA, 
DPTH, gluconate etc, therefore these chelators are not taken inside the 
plant cells). These same principles apply to both algae and plants and 
thus macrophytes in general. Macrophytes can and do use both forms of 
iron, a common misconception by aquatic plant hobbyists. The chelator/
complex will hold the iron in solution longer, thereby facilitating easier 
uptake and increase the probability that the Fe and Mn will encounter 
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the iron transporter at the cell surface over time and have access to the entire plant surface 
rather than just in the root zone alone. The reduction is generally done in the root zone  but 
aquatic macrophytes do take in significant fractions at the leaf as observed in higher light inten-
sity and CO2 enriched horticulture (Crossley, 2002). Manganese is absorbed by plants as Mn2+ 
from the soil, or Mn2+ from foliar sprays of MnSO4, or foliar chelates as MnEDTA. Manganese 
is used for: water splitting role in photosynthesis resulting in evolution of O2; redox reactions; 
decarboxylation and hydrolysis reactions; dehydrogenase and transferase reactions; can substi-
tute for Mg2+ in many phosphorylating & group-transfer reactions; influences auxin in plants; 
activates many enzymes involved in the metabolisms of organic acids, phosphorus, and nitrogen 
(in dispute); activator in enzymes involved in carboxylic acid cycle and carbohydrate metabo-
lism, but frequently replaced by Mg2+ . Nitrogen assimilation and chlorophyll production are 
two of the main roles that manganese plays in macrophyte growth. The chemical properties of 
iron making it an important part of oxidation-reduction reactions in both soils and plants.   

 
     Because iron can exist in 
more than one oxidation 
state (like Mn, Cu, Zn 
etc),  it accepts or donates 
electrons according to the 
oxidation potential of the 
reactants.  The transfer of 
electrons between the or-
ganic molecule and iron 
provides the potential for 
many of the enzy-
matic  transforma-
tions.  Several of these en-
zymes are involved in chlo-
rophyll synthesis, and when 
iron is deficient chlorophyll 
production is reduced, 
which results in the charac-
teristic chlorosis symptoms 
of iron stress. Iron is a struc-

tural component of porphyrin molecules. These substances are involved in band oxidation-
reduction reactions in respiration and photosynthesis.  As much as 75% of the total cell iron is 
associated with chloroplast, and up to 90 percent of the iron in the leaves occurs with lipopro-
tein of the chloroplast and the mitochondrial membranes.   Manganese (Mn) is absorbed by 
plants as Mn²+, as well as molecular combinations with certain natural and synthetic complex-
ion agents.  Manganese concentration in plants typically ranges from 20 to 500 ppm (aquatic 
plants based on the available literature had an average about 50ppm).  Concentrations of manga-
nese in upper plant parts below 15 to 20 ppm are considered deficient. The involvement of man-
ganese in photosynthesis, particularly in the evolution of O2, is well known.  It also takes part 
in oxidation-reduction processes and in decarboxylation and hydrolysis reactions.  Manganese 
can substitute for Mn²+ in many of the phosphorylating and group-transfer reactions. Although 
it is not specifically required, manganese is needed for maximal activity of many enzyme reac-
tions in the citric acid cycle.  In the majority of enzyme systems, magnesium is as effective as 
manganese in promoting enzyme transformations.  Manganese influences auxin levels in plants, 
and it seems that high concentrations of this micronutrient favor the breakdown of indoleacetic 
acid. Like iron, manganese is a relatively immobile element, and deficiency symptoms usually 
show up first in the younger leaves.  In broad-leave plants the visual symptoms appear as an 
interveinal chlorosis. In monocots,. often the symptoms appear as striping of the leaves. Distin-
guishing between Fe, Mn, N deficiencies can be difficult with visual cues along.  
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     A Hydrilla infestation in Rodman Reservoir, FL. This was one of the top bass fishing loca-
tions in the entire world. No one can boat, swim, use the lake for drinking water, fish (the fish 
die) and it crowds out all native macrophytes.  
 
     The Fe-SOD (an anti oxidation enzyme that reduces super oxide radicals) is most active in 
chloroplasts with the latter also found in mitochondria. The Mn-SOD is not as widely distrib-
uted among plant families and is most active in mitochondria and in peroxisomes that are in-
volved in photorespiration in some plant families (Hull 1999). Manganese and phenol biosyn-
thesis leading to lignin is not a large process in aquatic macrophytes as they require little sup-
port due to the aquatic buoyancy, mainly mechanical wave and water current force are the main 
environmental stresses. Lignin contributes to the strength of grass stems and leaves and its pres-
ence in root cell walls helps resist pathogen attack. Manganese serves as a trace metal activator 
for several enzymes of the shikimic acid pathway that leads to the synthesis of aromatic 
(phenolic) amino acids (phenylalanine and tyrosine). These are the building blocks for the syn-
thesis of phenolic acids and alcohols that are produced in response to attack by pathogenic fungi 
and constitute a major disease defense mechanism. These compounds are also the building 
blocks of lignin molecules that are assembled in cell walls through the action of Mn-containing 
peroxidases.  
 
     The most common response to inadequate Manganese is a reduction in the growth rate of 
both shoots and roots. This occurs because the oxygen evolving complex of photosynthesis is 
highly sensitive to low Mn2+ levels and when it is limited, photosynthetic rates decline sharply. 
This results in a reduced supply of carbohydrates from the carbon fixation cycle that in turn 
depresses amino acid and protein synthesis and the growth of cells. As a result, nitrate, phos-
phate and other nutrients may accumulate because they cannot be utilized in macrophyte 
growth. Root growth is also inhibited because photosynthetic energy from shoots (sugars) is not 
available to supply root growth. Thus, even though roots are the first to receive whatever Mn 
might be available from the soil, resources from the shoots are not sufficient to support much 
growth. 
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     Iron is used by macrophytes for: a constituent of heme enzymes - catalase, peroxidase, cyto-
chrome oxidase, cytochromes (electron transport), some non heme enzymes that iron plays a 
central part: ferrodoxin-redox system in photosynthesis, nitrite reduction (nitrite reduactase: 
NO2

-  +  6 Ferredoxinreduced  + 8 H+  + 6 e-  →     NH4
+ + 6 Ferredoxinoxidized  + 2 H2O), sulfate 

reduction (sulfate reductase), N2 assimilation (in bacteria).  In most macrophytes, metal ions are 
taken up from the hydrosoil into the root and then distributed throughout the plant, crossing 
both cellular and organelle membranes. The low availability of free iron in the soil of terrestrial 
and aquatic systems has led plants to develop mechanisms to compete for complexed iron 
through the processes of protonation, chelation, and reduction. Aquatic plants have a highly 
reduce hydrosoil thus the iron is already reduce, but the roots require substantial amounts of O2 
thus the iron precipitates on the root surface blocking uptake of the reduce forms of cations. 
Aquatic macrophytes can get around some of this barrier, but adding water column sources in 
chelation can certain increase growth at higher production rates common in CO2 enriched 
aquariums. Plant generally use one of two strategies to obtain iron from the soil solution. Strat-
egy I plants, which include dicots and non-graminaceous monocots, utilize three steps for iron 
uptake involving acidification of the rhizosphere by an H+-ATPase, reduction of Fe3+ to Fe2+ by 
an NADH reductase, and uptake of iron by an iron transporter (Römheld and Marschner, 
1986a). Strategy II plants release a phytosiderophore (generally grasses only, not other plants/
macrophytes) into the rhizosphere to bind iron followed by uptake of the chelated iron complex 
(Römheld and Marschner, 1986b). Once iron enters the plant, further transport throughout the 
plant via the xylem would likely occur as chelates of siderophores or of citrate, Gly, or Cys. 
 
     So where do aquatic macrophytes utilize Mn and Fe? 

 
     Manganese facilitates the wa-
ter H2O=> 1/2O2 + 2H+  + 2e-. 
The plant needs the electrons 
from water to provide energy in 
the form of ATP and NADPH to 
run its metabolism. The PSII light 
harvesting complex absorbs a 
photon and passes it to the P680 
reaction center. An electron in this 
chlorophyll becomes excited and 
departs. P680 receives an electron 
from the Mn water-splitting pro-
tein. The Mn protein replaces its 
electron by pulling one from wa-
ter. After this happens 4 times, an 
O2 and 4 protons are released. 
Result: Since the Mn protein is on 
the thylakoid side of the mem-
brane, the protons (H+’s) left over 

after water is split are released into the thylakoid lumen to produce more ATP. 
 
     The chlorophyll that has lost an electron must obtain another or it will become further oxi-
dized and destroyed. Electrons are provided from a near by protein that contains a cluster of 
four Mn atoms each capable of donating an electron to the oxidized chlorophyll. When each Mn 
atom has donated an electron (become oxidized from Mn2+ to Mn3+ or Mn4+), these four oxi-
dized Mn atoms together represent an oxidant so strong that they can strip electrons from the 
oxygen of water. To reduce the four Mn atoms, four electrons are needed and that requires the 
oxidation of two water molecules. 
 
2H2O + 4Mn3+ --------> 4Mn2+ + O2 + 4H+ Page 4 
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The Mn cluster is now ready again to deliver electrons to chlorophyll 
when it becomes oxidized through photoactivation. Thus, the Mn-
containing oxygen evolving complex allows the flow of electrons to con-
tinue as light drives electrons from chlorophyll ultimately to reduce CO2. 
The electrons are sent to the next stage, and the O2 diffuses into the air. 
Cytochromes are among the main groups of Fe enzymes in this system. 
They allow the chain of electron transport to occur efficiency and are es-
sential. In both PSI and PSII, Fe plays a central roles. 

 
 
 

 
 
 
 
 
 

 
 
     In figure 3, the Cytochrome b and f complex, the 
FeS complex , the FeS at the end of PSI all contain Fe. 
Without the iron the electrons will no longer pass and 
build up and destroy the cell. Some of the first herbi-
cides developed block transport of electrons in PSII 
(e.g. Atrazine). This diagram shows the two step proc-
ess in terms of electric potential that light provides the 
energy for NADPH and ATP. 

 

 
 
 
 
 
     Fd (Ferrodoxin) helps to cycle any left over electrons back 
PS1 (cyclic e- flow). Note the Cytb 559 in PSII, the Cyt b and 
Cyt f,  FeS, Fd and FNR in PSI, these all contain iron.  This cy-
cling allows good regulation with minimal waste by the plant 
cell. 
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Figure 2 

Figure 3. PSI and II and the energy requirements. 

Figure 4. Cyclic flow and another view of the pathways of PS I 
and II. 



Continued on page 7 

 
 
Figure 5. 
 
 
     This diagram gives a more rep-
resentative example of electron 
flow in the two photosystems. Part 
a is the prior examples in figure 1-
4. This figure shows the topology 
of the enzymes which is often 
quite amazing. Part b shows the 
same enzymes working in con-
junction with many other similar 
enzymes. For more on electron 
transport in various locations in 
the cell: http://en.wikipedia.org/
wiki/Electron_transfer_chain 
 
     Understanding what the macro-
phyte does with each nutrient is 
critical to approaches in fertiliza-
tion and control. By understanding 
the role of such nutrients in the 
entire macrophyte, we might better 
predict the effects on excess and 
limiting concentrations. 
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     Uptake in plants: this figure shows the various functions of Fe out-
side the plastid, (chloroplast) in signaling as well as other functions 
than assimilation of sugars. 
 
Figure 6 
 
 
 
 
 
 
 
 
 
 
 

 
     Figure 7 suggest that for maximized crop yield, there is 
also a corresponding nutrient supply. The demand for such 
nutrients as the plant yield increases also has a definite in-
crease (dashed line). This shows both the limiting range and 
the toxic range and the maximum yield, but iron and manga-
nese are tricky elements to measure in the water column. 
Additional issues arise from root source of Fe and Mn than 
can confound the experiments and since they are only re-
quired in very small amount, great care must be done to en-
sure good data. 
 

     Figure 7 
 
 
 
 
 
 
 
 
 
 
Figure 8 Shows a good individual transport system for acquiring Mn and Fe in the soil 
for grasses. 
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Iron uptake by higher plants. 
 
     Plants are able to acquire iron from soils of low iron 
availability using one of two strategies. Strategy I plants 
reduces Fe3+=> Fe2+, which is then transported across 
the plasma membrane. Strategy II plants release Fe3+ 
chelating siderophores and then transports 
Fe3+−siderophore complexes across the plasma mem-
brane. Ligand exchange and degradation are alternative 
fates for the Fe3+ complex. FRO2, ferric reductase-
oxidase 2; IRT1, iron-regulated transporter 1; YS1, yel-
low stripe 1. Foliar applications likely follow a similar 
pathway to Strategy 1 but frequent applications are re-
quired.  
 
 

Iron 
Forms taken up by plants: Fe+2 (Ferrous), while Fe+3 (Ferric) is reduced to Fe+2 at the root surface before it is ab-

sorbed 
Mobility in soil No 
Mobility in plant No 
Deficiency symptom in plant Interveinal chlorosis 
Role in Plant nutrition Iron is a component of cells, proteins, and enzymes.  It is involved in nitrogen fixation, 

respiration and photosynthesis. 
Typical concentration in plant tissue 20-300 ppm (aquatic macrophytes vary with a mean of 100ppm: 2x that of Mn) 
Fe Soil Test Chelation with EDDHA (ethylenediamineedi-o-hydroxyphenylacetic acid) 

Fe is 100% complexed with EDDHA over a broad range of soil pH. 
Fertilizer sources Foliar application of FeEDDHA or FeSO4

.7H2O, DTPH, Gluconate 
Oxidation/Reduction Oxidation Fe+2 + 1/4O2 + H+ àFe+3 + ½ H2O 
 Reduction  Fe+3 + e- à Fe+2 
Fe+3 Forms of Iron Fe(OH)3 amorphous 

 Fe(OH)3 (soil) 
 Hematite Fe2O3  Goethite FeOOH 
 Soil Fe(OH)3 is usually the most soluble form of iron in soils and, therefore, typically 

controls the solubility of iron in aerobic soils. 
Fe+2 Forms of Iron A common iron mineral in nature is pyrite (FeS2).  Pyrite is often associated with bitu-

minous coal and other ores.  Bacterial oxidation of pyrite generates acid and is the cause 
of acid mine drainage. 
FeS2 + 31/2O2 +  H2O à  Fe+2 + 2SO4

-2 + 2H+ .  Fe+2 hydrolyzes to form hydrolysis 
products common under reduced conditions.  FeOH+ predominates in solution at pH< 
6.75, while Fe(OH)2

0 predominates at pH >9.3.  Magnetite (Fe304) is a stable mineral 
under reduced conditions 

Microbial use of iron Many organisms use Fe+3 as an electron acceptor such as some fungi and chemoorgano-
trophic or chemolithotropic bacteria.  This bacterial reduction of ferric to ferrous is a 
major way iron is solubilized.    Reduction takes place under anaerobic conditions 
(waterlogged).   Shewenella putrefaciens is one organism capable of reducing iron.  
Oxidation occurs under aerobic conditions.  At neutral pH, organisms such as Gal-
lionella ferruginea or Leptothrix oxidize iron.  Under acidic conditions, Thiobacillus 
ferrooxidans is the primary organism responsible for iron oxidation.  This organism is 
typical in acid mine drainage areas. 
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MANGANESE  
Form taken up by the plant: Absorbed by plants as Mn2+ from the soil, or Mn2+ from foliar sprays of MnSO4, or 

foliar chelates as MnEDTA. 
Mobility in soil: Relatively immobile; concentration in soils generally ranges from 20 to 3000 ppm and 

averages 600 ppm; total soil Mn is an inadequate predictor of Mn availability; Mn is 
highest in the surface horizon, minimal in the B horizon, and generally increases in the 
C horizon; Mn2+ can leach from soils over geological time, particularly acid spodizols. 
    

Mobility in plant: Relatively immobile; Mn moves freely with the transpiration stream in the xylem sap in 
which its concentration and ionic form may vary widely; Mn accumulated in leaves 
cannot be remobilized while that in roots and stems can.     

Deficiency symptoms:  Interveinal chlorosis (yellowish to olive-green) with dark-green veins first showing up 
in the younger leaves; patterns of chlorosis can be easily confused with Fe, Mg, or N 
deficiencies; under severe deficiencies, leaves develop brown speckling and bronzing in 
addition to interveinal chlorosis, with abscission of developing leaves; characteriza-
tions—gray speck of oats, marsh spot of peas, speckled yellows of sugar beets, stem 
streak necrosis in potato, streak disease in sugar cane, mouse ear in pecan, and internal 
bark necrosis in apple; most common micronutrient deficiency in soybeans; deficiencies 
are common in cereal grains, beans, corn, potatoes, sugar beets, soybean and many 
vegetables; some crops are more sensitive to deficiencies; may cause susceptibility to 
root rot diseases such as “take-all” in wheat. 

Deficiency at pH (7.0) Mn tends to become limiting at a high pH. 
Toxicity symptoms: Sometimes observed on highly acidic soils; crinkle leaf of cotton. 
Toxic at pH (< 5.5) Toxicity occurs in low pH soils (<5.5). 
Role of Mn in plant growth: Water splitting role in photosynthesis resulting in evolution of O2; redox reactions; de-

carboxylation and hydrolysis reactions; dehydrogenase and transferase reactions; can 
substitute for Mg2+ in many phosphorylating & group-transfer reactions; influences 
auxin in plants; activates many enzymes involved in the metabolisms of organic acids, 
phosphorus, and nitrogen (in dispute); activator in enzymes involved in carboxylic acid 
cycle and carbohydrate metabolism, but frequently replaced by Mg. 

Enzymes Mn-containing protein in photosystem II involved in H2O splitting; Mn-containing su-
peroxide dismutases catalyze the dismutation of the toxic superoxide; often implicated 
as affecting purple acid phosphatases which catalyze the hydrolysis of phosphoric acid 
monoesters and anhydrides, but more recent evidence suggest a dominant role by Fe; 
affects indole acetic acid oxidase; C4 plants—requirement for NAD-malic and phos-
phoenolpyruvate (PEP) carboxykinase (two of three alternate forms of decarboxylating 
enzymes); C4 plants—NADP-malic enzyme (third type of decarboxylating enzyme) 
requires either Mn2+ or Mg2+ ; C4 plants—phosphoenolpyruvate (PEP) carboxylase re-
quires either Mn2+ or Mg2+; earlier evidence of a role in nitrate and nitrite reductase ac-
tivity has been disputed; excess causes depression of net photosynthesis by inhibiting 
the RuBP carboxylase reaction; excess Mn2+ is sequestered in the vacuole to prevent 
saturation of ATPs which require Mg for normal functioning. 

Role of Mn for microbial growth: Used by many microbes in biological oxidation; Bacteria—Arthrobacter, Bacillus; 
Fungi—Cladisporium, Curvularia. 

Concentration in plants: Typically ranges from 20 to 500 ppm ; concentrations <20 ppm generally cause defi-
ciencies, and >500 ppm cause toxicities, but vary with crop, culture, and tissue. 

Effect of pH on availability: Mn decreases 100-fold for each unit increase in pH; concentration of Mn2+ in solution is 
increased under acid, low-redox conditions; high pH also promotes the formation of less 
available organic complexes; activity of soil microorganisms that oxidize soluble Mn to 
unavailable forms reaches a maximum near pH 7.0; liming and burning can produce 
alkaline conditions causing deficiency; high pH favors oxidation to Mn+4, from which 
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insoluble oxides are formed (MnO2, Mn2O3, and Mn3O4); pH < 6.0 favors reduction of 
Mn and formation of more available divalent form Mn+2 

Precipitated forms (low pH) Typically precipitated as Mn and Fe oxides, often as concretions. 
Precipitated forms (high pH) Complexation occurs with organic matter at high pH; precipitated as Mn carbonates and 

MnOH. 
Other factors: Poor aeration increases Mn availability; soil water logging will reduce O2 and lower 

redox potential, which increases soluble Mn2+; dry soils allow rapid oxidation and defi-
ciency may result; local accumulation of CO2 around roots increases Mn availability; 
high organic matter (particularly if basic soil) forms unavailable chelated Mn2+  com-
pounds, particularly in peat and muck soils; pronounced seasonal variations, with wet 
weather increasing Mn2+  and warm, dry weather encouraging the formation of less 
available oxidized forms; some deficiencies are caused by soil organisms oxidizing 
Mn2+  to Mn3+ ; Mn- efficient and Mn-inefficient plants 

Interactions with other nutrients: 
High levels of Cu, Fe or Zn can reduce Mn uptake; high levels of Mn can reduce Fe 
concentrations and induce Fe deficiencies and vice versa; ratio of Fe to Mn should be 
between 1.5 to 2.5; Mn and Al toxicities frequently occur together on acid soils High 
levels of copper, iron, or zinc, can reduce manganese uptake by plants.  Addition of 
acid-forming NH4+ to soil will enhance manganese uptake.  

 
Fertilizer sources: Manganese sulfate (MnSO4*4H2O, 26-28%)—most common; Manganese oxide (MnO, 

41-68%); Manganese chloride (MnCl2, 17%); Organic complexes (5-9%); Synthetic 
chelates (MnEDTA, 5-12%) Manganese, when released through weathering of primary 
rocks, will combine with O2 to form secondary minerals, including pyrolusite (MnO2), 
hausmannite (Mn3O4), and manganite (MnOOH). Pyrolusite and manganite are the 
most abundant. 

 
Competitive effects: 
 
      Other divalent micronutrient cations, such as Copper (Cu2+) 
and Zinc (Zn2+), do not compete with Mn2+ for other membrane 
transport sites although they do compete with each other (Bowen 
1969). Manganese uptake in plant roots can absorb Mn primarily as 
the divalent cation (Mn2+). It enters root cells by crossing their 
plasma membrane via a specific transporter protein (similar to fig-
ure 8) following an electrical gradient (cell interior is more nega-
tive than the cell wall). However, the abundance of several macro-
nutrients on cation exchange sites within the cell walls of root cells 
(the apoplasm) can influence Mn absorption by roots. Manganese is 
much less available from soils of high pH. This is in large part due 
to the high concentrations of Calcium and Magnesium ions (Ca2+ 
& Mg2+) in such soils. When Ca2+ and Mg2+ dominate cation 
exchange sites in root cell walls, there are few places for less abun-
dant ions like Mn2+ to be retained. Since cations absorbed by roots 

are drawn mostly from those present within the cell wall matrix, any less abundant ions (including most micronutrients) will have a 
difficult time reaching the plasma membrane when they are vastly outnumbered by basic divalent cations. This is the reason why 
most micronutrient metals are less available in soils of neutral or alkaline pH. So does this apply to aquatic systems? Do hydrosoils 
possess high levels of Ca and Mg? In some cases, yes, such as hard water springs in Florida and Brazil. Submersed aquatic macro-
phyte growth is dense and lush, but species specific preference can be found, therefore there are exceptions to both sides of the re-
search from terrestrial systems. 
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An aerial view of a river infested with Hydrilla in Florida 



 

     In acid soils (most hydrosoils tend to be neutral but highly reducing) , the principle competing cation is Hydrogen (H+) and it is 
not held on exchange sites as tightly as most divalent cations. However, if other cations such as aluminum (Al3+), potassium (K+) or 
other micronutrients greatly outnumber Mn2+ even in acid soils, Mn may become deficient. Even so, the most common method for 
increasing Mn availability to plants is to apply acid fertilizers such as (NH4)2SO4 or urea. The availability and absorption of Mn 
from soils is more influenced by microbial activity than is any other micronutrient. Is this the case in aquatic systems?  To be ab-
sorbed by plants, Mn must be reduced to the divalent Mn2+ ion and this requires the action of microbial metabolism (Marschner 
1995). In aquatic systems, the bacteria also play this same role by producing highly reducing conditions in the presence of organic 
matter. Under acid conditions (or reducing conditions), Mn-containing minerals will slowly be solubilized and several ionic forms of 
free Mn and Mn(OH)n will be released to the soil solution. Under such conditions, most plant roots will discharge low molecular 
weight exudates (organic acids, sugars, amino acids and phenolics) to the soil immediately adjacent to the roots (rhizosphere). These 
exudates along with dead root cells (root cap cells, root hairs, epidermal and cortical cells) fuel microbial activity and, especially 
when the soil is waterlogged, supply electrons to reduce Mn ions to the plant-available Mn2+ form. We can add organic matter for 
the bacteria right away by using mulm or soil or other organic materials. High levels of Ca2+ and Mg2+ do not appear to influence 
plant growth or appearance in culture ion aquariums. Yet, higher levels of carbonate alkalinity does appear to be the determinant 
factor. More research is needed to uncover this issue to gain a better understanding. Adding more trace cations to harder water to 
give similar results has been noted, but whether it is specifically due to the carbonate alkalinity or the Ca2+ and Mg2+ or not is not 
clear. 
 
     FePO4 precipitates maybe influenced in the sediments by mycorrhizal fungus in Vallisenaria americana (Wigand and Stevenson, 
1997). This may lead to release of PO4 as well. Many mycorrhizal associations often confer trace metals to the host plants as well as 
PO4. There is an increased interest in fungal associations with aquatic macrophtyes, previously it had been assumed they are not 
present in association aquatic macrophytes likely due to not looking for them, and the anaerobic nature of the hydrosoils. 

 
Humic effects on Fe and Mn have been reviewed: 
http://www.ars.usda.gov/research/publications/publications.htm?
SEQ_NO_115=100789&pf=1 
http://www.usu.edu/cpl/research_humic.htm 
 
Background information on formation can be found:  
http://www.ar.wroc.pl/~weber/powstaw2.htm 
 
     They may also hold high concentrations of metals in solution as well as reduce toxicity 
of certain metals by complexion. This can increase the bioavailability of metals. This gener-
ally occurs at the functional groups on humic and fulvic acid’s –COOH, phenolic OH and 
C=O groups. The order of decreasing affinity or organic groupings for metal ions is ap-
proximately: 

 
-O-(enolate) > -NH2 (amine) > –N=N- (azo) > =N (ringN) > -COO(carboxylate) > -O-(ether) > C=O (carbonyl) 
 
The order of decreasing ability of metal ions to chelating is: 
 
Fe3+ > Cu2+ > Ni2+ > Co2+ > Zn2+ > Fe2+> Mn2+ 
 
     So do humics help? This is still not clear in terms of aquatic systems. There are not clear as to definite advantages at the pH’s 
typically found in CO2 enriched aquariums nor in hydrosoils that are typically very reducing unlike the aerated soils in terrestrial 
systems. This difference between hydrosoils soils and terrestrial systems can cause a good deal of confusion in applying research 
papers to aquatic system if this is not taken into account and addressed adequately. The Fe ++ is toxic in large quantities but due to its 
widespread presence, rice has evidently developed mechanisms where the soluble Fe++ is converted to Fe+++ and deposited in the 
rhizosphere, on the outside of rice roots and in the roots themselves sequestered to prevent damage to leaves and stems. Mn also be-
comes reduced and soluble in flooded soils.  Tissue levels of Mn are fairly high in rice and would be toxic in many plant species 
growing in non-flooded environments such as wheat or soybeans.  Almost all nutrient elements have ranges of deficiency, suffi-
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ciency and toxicity (see figure 7).  Also, rice is known to accumulate Fe as a protective mechanism to prevent damage to leaves and 
stems. Because of the potential for toxicity associated with high iron levels, cells store iron with the specialized iron-storage protein 
ferritin. Together, 24 ferritin subunits form a hollow sphere that may store up to 4,500 atoms of iron in its core. Thus, ferritin plays 
an important role in plant iron homeostasis. The effects of Fe on tomato and Mn are discussed here:  
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=550482 
 
 
Iron’s role with PO4 is covered here: 
http://aquat1.ifas.ufl.edu/guide/iron.html 

One of the main transport vectors for invasive weeds are boats. Pond owners are the other primary vectors. 
 
Testing Fe 
 
     Testing of iron and it’s bioavailability in aquariums is difficult. The main question is: will the test allow 
the grower to determine a correlation between the readings from the test kits at a specific point in time that 
relates to the plant health and nutrient status. The general answer is almost always no. the residual levels in 
the water column decline rapidly, therefore testing Fe at 10 minutes might yield 1.0 ppm and then again, 4 

hours later might yield 0.0ppm. clearly plants are not removing this large of a fraction of Fe as there’s needs might only be around 
0.06ppm per day at most. The Fe is lost due to precipitation with a number of inorganic and organic complexes and is dependent on 
the alkalinity of the water, pH and presence of various organic substrates. The real question is how much Fe need to provide 
bioavailable non limiting amounts of Fe? Note, Fe test are often used as a proxy for all other trace elements and these may play a 
much more significant role than Fe alone does and it’s not clear if the other nutrients are limiting and or slightly limiting in aquatic 
macrophytes. By taking averages of the mass ratios of other macro nutrients and scaling the ratios higher than the minimal needs, the 

aquatic macrophyte horticulturist can fertilize without limitation issues, but should not reply solely on a 
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total Fe test kit to do so. Fe testing is difficult and generally not suggested nor needed to provide adequate trace nutrients for optimal 
growth. Adding slight more progressively till no more submersed aquatic macrophyte improvement after a 3 week test period will 
yield a good method to address this. Using very high light and non limiting nutrients and applying this method to several brands of 
trace mixes yielded about 5mls of TMG per 75 liters of water 3x a week. This can be much more standardized than any test kit resid-
ual and also works well in practical applications. Hobbyists have done this for over a decade with excellent results. 

 
Iron and manganese are found in wetlands 
primarily in their reduced forms Ferrous 
(Fe+3) and Manganese which make them 
more soluble and readily available to organ-
isms. Wetlands transform (reduce) the fer-
rous Fe to Ferric (Fe+2) and the Manganous 
to manganese, which demonstrates biogeo-
chemical cycling process associated with 
wetlands.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Both Mn and Fe exist is a very similar range of redox levels in the hydrosoils. 
 
pH and redox impacts on Fe and Mn in hydrosoils 
 
     Usually on the surface of wetland soil there is a thin layer of oxidized soil. How thick this is depends 
on: 

• Rate of oxygen transport across the atmosphere-surface interface 
• Population of oxygen consuming organisms 
• Photosynthetic oxygen production by algae in the water 
• Surface mixing 
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O2 is the acceptor at 400-600 mV                       ↓ 

NO3
- becomes an acceptor at 250 mV                 ↓ 

Mn 2+ at 225 m                                                    ↓ 

Fe 3+ between +100 and -100 mV                         ↓ 

SO4
2- at -100 to -200 mV.                                       ↓ 

Carbon, or CO2, will become the terminal electron acceptor below -
200 mV => CH4 production 

Collecting aquatic plants in Australia.  



 
     This aerobic layer would tend to be reddish because of the ferric iron (Fe+3 = oxidized form) versus the gray-green soil beneath, 
the ferrous iron (Fe+2 = reduced form) 
 
Note: In oxidation, oxygen is taken up or hydrogen is removed or the chemical gives up an electron (remember that an electron has a 
negative charge) 
 
Fe2+ ---> Fe3+  + e- 
 
Reduction is the opposite where oxygen is given up, hydrogen is gained, or an electron is gained 

 
 
     Figure 10 shows the relation-
ships between various forms of Fe 
and the ph and redox. Note: we can 
have low redox values (more nega-
tive and still have higher pH’s, 
likewise we can have higher redox 
values and lower pH’s. In general, 
aquatic substrates tend to be neu-
tral and have a low redox, the more 
organic matter added to the sedi-
ment, the lower the redox levels 
will be. There is a trade off here, 
too much organic matter and the 
redox will become too low and 
form H2S which is fairly toxic. 
 
 

     An example from the Chicago plant society. Becoming involved in the local groups is the best single way to improve horticultural 
skills. Their web site: http://www.geocities.com/cagagroup/cagamain.html 
 
     In Eleocharis acicularis, Eriocaulon septangulare, Isoetes sp., and Sagittaria graminae  there was not a significant difference in 
the relationship between the contents of metals in plants and sediment. When data for all species were pooled, 28-80% of the varia-
tion in the log of plant metal content was explained by the log of sediment metal (Fe and Mn). Sediment pH explained  20% (Fe), 5% 
(Mn) variation over and above that explained by the sediment metal content. These results demonstrate that lower sediment pH, in 
the presence of mildly anoxic redox conditions, increases the bioavailability of these five trace metals to rooted aquatic plants. 
Rooted macrophytes subject to acidification contain higher metal (Jackson et al ,1993). Barko and Smart have done considerable 
research with respect to sediment sources of Fe and PO4 with SAV (submersed aquatic vegetation) (Barko and Smart, 1986, 1990, 
1993, 1996). Differences between sediment nutrient levels and plant shoot tissue levels varied considerably (Barko and Smart, 1986). 
This makes predicting uptake difficult based on nutrient content alone of a substrate. Other factors play a large role in SAV growth 
rates, such as CO2, light, other limiting nutrients (e.g. NO3 etc). The rhizosphere is a dynamic environment because the release of 
O2 from roots  introduces O2 into otherwise anoxic wetland sediments and initiates a series of redox reactions that can affect the 
speciation of elements such as iron and manganese. A result of these redox reactions is the formation of iron oxyhydroxide precipi-
tates (iron plaque) on plant roots. Iron oxidation kinetics suggest that most plaque formation in circumneutral environments is chemi-
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cally driven, but the discovery of lithotrophic Fe (II)-oxidizing bacteria raises the possibility that microbes play a significant role in 
plaque formation (Neubauer et al, 2002). 
 
     Iron and manganese cycling revolves around the transition from oxidized insoluble forms Fe+3 / Mn+4 to reduced, soluble oxida-
tion states Fe+2/Mn+2. This section will focus on iron transformations as examples. 
 
Oxidation by bacteria: 
 
     Ferrous iron (Fe+2) can be used as an electron donor, but can only be linked with oxygen reduction. The availability of relatively 
high levels of Fe+2 is key element to this process. However, under aerobic conditions at close to neutral pH, iron exists almost exclu-
sively as solid Fe+3 oxides. Bacteria adapted to low pH may encounter high levels of Fe+2 and thus have conditions favoring use of 
Fe+2 as an electron donor. The pH effect on Fe+2 concentrations is reflected in the energy yield in kJs: 
 

Fe+2 + O2 + H+ ---> Fe+3 + H2O  DG'o (pH 7) = - 0.25 kJ 
DGo (pH 0) = - 2.54 kJ 
 

Thiobacillus ferrooxidans is an example of an acidophilic iron-oxidizer , which has a pH optimum for growth of 2 to 3. 
 
     At neutral pHs, Fe+2 concentrations increase with decreasing oxygen concentration. The "iron bacteria" (e.g., Gallionella ) have 
adapted to grow by oxidizing Fe+2 at low O2 concentrations (0.1 - 0.2 mg L-1). Because of the low energy yields, microbes must oxi-
dize large amounts of Fe+2 to sustain growth. A small population of iron bacteria can thus generate a lot of Fe+3. This is a problem for 
the well water industry as the resulting FeOOH (hydroxyoxides) precipitates may clog wells. 
 
Dissimilatory reduction 
 
     Heterotrophic bacteria may support growth by coupling oxidation of organics to Fe+3 reduction. However, as indicated above, 
Fe+3 exist in the form of solid FeOOH. Thus, use of Fe+3 as an electron acceptor differs from all other e- acceptors as it is in effect a 
solid substrate, which requires physical contact between the bacteria and the FeOOH and probably receptors or chelators in the cell 
wall to facilitate Fe+3 uptake. The organisms mediating Fe+3 oxidation are ill-defined as few iron-reducers have been characterized. 

These may be 
organisms 
adapted to grow 
primarily with 
Fe+3 , that grow 
with a variety 
of electron ac-
ceptors (e.g., 
Shewanella). 
 
Figure 11  
 
     Both bacte-
ria and plant 
roots can facili-
tate the uptake 
and incorpora-
tion into micro-
bial and plant 
biomass 
(curved arrows 
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Wetlands 
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in substrate near the roots). Plants exude H+ and O2 in the rhizosphere area surrounding the root zone. The H+ reduce the oxidized 
forms of Mn and Fe allowing them to become much more mobile. This increase in mobility allows the roots to have a larger zone of 
influence and area for nutrient uptake. But this same benefit is offset by the O2 which forms plaques on the roots of oxidized Fe and 
Mn. This may prevent toxic levels of metal accumulation and allow the plant to mediate the amount of Fe and Mn via H+ production 
from the Fe and Mn plaques. Roots must have good O2 levels to function and once established, the plants will enhance their growth 
rates as well as the bacteria cycling rates. Once these interwoven relationships are well established, the planted tanks are general sta-
bilized and the tank is “broken in”. There are fungi associated with a number of aquatic macrophytes but little is known (see refer-
ence on Vallisenaria). Still, it is speculated that the establishment of these cycles in the sediment is a key component of successful 
growth of the macrophytes and reduced algae presence. Adding mulm, the detrital matter from a filter sponge, of a gravel vacuumed 
established substrate is very useful at providing this bacterial, micro invertebrate and fungal organisms quickly to a new substrate. 
This same seeding the new sediment is a key process in restoration of wetlands and vernal pools.  
 
Uptake and mobility in aquatic systems:   
 
     Metal uptake and distribution varies due to relative concentration, growth form the macrophyte, absorption mechanism, metal 
speciation, constants with ligands, and metal stability. Light, pH, redox, bacteria, plant roots, organic matter, alkalinity and flow rates 
can influence uptake and availability.  Mn2+ has a higher uptake rate than Cu, Ni, or Pb in Egeria densa (Szakova and Kolihova, 
2000).  Uptake rates for Mn2+ have been reported to be 66.5 micrograms/gram dry weight plant biomass/per day(Gommes and Mun-
tau, 1981) whereas the Cu,  Ni and Pb uptake rates where less than 0.5 micrograms/gram dry weight plant biomass/per day. Mn2+ 
concentrations are much higher in the tissues of macrophytes than that of the surrounding habitat and sediments. This implies that 
there is an active concentrating uptake mechanism and retention process within macrophytes. Gauging the flow of trace metals can 
be difficult due to the various forms and the basic question: what is bio-available, the exchangeable fraction of Mn and Fe that is 
really available to the macrophytes? Most studies will utilize 3 main fractions and this applies to many nutrients in aquatic systems: 
Exchangeable fraction; bound to oxides and organically bound. Typical ratios for Mn: 6:1:6 for these fractions in one study (Szakova 
and Kolihova, 2000). This suggest that 30-50% or so of the Mn is exchangeable in these locations but this is only a relative number 
and gives an approximation as to the bio availability to the plants (Potamogeton, Utricularia, Egeria and Elodea) Plants varied con-
siderably in their fraction in the dry weights. Precipitation of Mn oxides onto leaf surface may play a large role, therefore skewing 
the Mn requirements for growth to higher concentrations, but aquatic plants appear to take up Mn through their leaves as MnCO3. 
Adding CO2 causes this precipitate of MnCO3 to dissolve. The amount of total Mn found on the leaf surface was found to be much 
higher at the start of the growing season than at the end (up to 50% more in one species).  
 
     Ratios of Fe concentration and uptake rates in Aponogeton elongatus was reviewed by Crossley (2002).  The highest levels of Fe 
were found at higher pHs, whereas the highest rate of uptake where found at lower pH’s for the roots. This is likely due to mobility 
at specific pHs. The higher pHs will retain the Fe, the lower pH will allow for faster rates of uptake in the roots. Leaf concentrations 
on the other hand showed little differences in concentration of plant tissues, but the roots has a decline of both concentration and 
uptake rates from a pH of 6.5-7.8-8.4. At a pH of 9, Ferric oxides and carbonate formation is like why the % concentration started to 
increase, indicating and shift from biological uptake to inorganic precipitation on plant surfaces. Most of the Fe was taken up by the 
roots in this study but he also used CO2 to reduce the pH so increases in uptake are expected when CO2 is added. Additionally, the 
fertilizers where added to the sediment. This is important to be aware and look for this when reviewing such research experiments. 
This will make a large difference in the interpretations of the data. Most of the data from research approaches their greenhouse stud-
ies utilizing such methods rather than the water column as most plants in natural system often show similar habitats, but they still do 
not account for the low (or high) stable levels in the water columns that are seldom depleted. Aquatic plants in natural systems are 
seldom ever nutrient limited, CO2 limited, temperature or depth limited, light limited are far more common reasons for limiting 
growth factors.  
 
     Roots contained the most Fe and had the highest uptake rates (Crossley, 2002). At pH of 6.5, the foliar: root uptake ratio was 
roughly 1: 2.7 leaf/root. This ratio was also about the same at a pH of 7.8 but then decreased markedly.  Tissue concentration was 
about 1:4 in the leaves: roots. Manganese had much higher levels in uptake through the leaves, roughly 3:1 at most pH’s with rates 
declines with increases in pH. The tissue concentration was inversely correlated Fe with increases in Root and tuber Mn concentra-
tions, but a decline in the leaf concentration with increasing pH. This suggest that pH at 6.5 will have a higher rate of uptake than 
7.8. It should not be overlooked that free CO2 enrichment was utilized to lower the pH and it was not done with adding KH, alkalin-
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ity in the carbonate form or other buffers/acids to alter pH. This is critical when discussing horticulture of aquatic macrophytes in 
home aquariums and not too much should be implied by this. Often such details are overlooked when looking for support in the re-
search, while interesting, it may not apply well to a give statement or theory. This study is very interesting nonetheless, the link is 
provided below and is suggested reading.  

 
Concluding remarks: 
 
     Fe and Mn play enormous roles in aquatic macrophyte 
growth and cycling and wetlands. Macrophytes have a num-
ber of methods to obtain these nutrients and are active in their 
uptake. Isolating nutrient deficiencies specifically to iron is 
difficult as the trace mixes have several micronutrients that 
give similar appearances and often take several weeks to ob-
serve.  Testing (test kits for Mn are not available for hobby-
ists) has not been done by hobbyists. Testing is difficult for 
sediments and not suggested. Water column testing also pre-
sent various issues with respect to the type of chelator organic 
complex as well as precipitation rates at different alkalinities 
and other variations, essentially suggestion poor correlation 
of measured values and plant health. Time for establishment 
of micro flora is something to be considered. The addition of 
peat can provide the needed reduction levels needs to reduce 
these trace metals until the micro flora assumes that role. This 
generally takes about 1-2 months if growth of the macro-
phytes (roots/rhizoids) is good. Macrophytes have various 
feedback mechanism and enzymes to convert the trace metals 
into usable building blocks for growth and many essential 
functions for the cells. While many discuss Fe at the hobby 
level, there is little done with then other trace metals in terms 
of testing and level manipulations. Zn, Mn, Co, Cu salts are 
available as well as test kits and methods but they are and 
have been over looked. As discussed when Mn and Fe limita-

tions occur, the effects upstream on PO4 and NO3 uptake and CO2 uptake as well, can have marked effects on photosynthesis. Such 
effects can be pronounced potentially. In general, adding an excess amount is one way to resolve that question. By simply estimating 
based on other nutrient uptake ratios, we can predict fairly reasonably without having to do extensive testing, what ratio to add of 
each of these, but it should not be assumed that that ratio will apply to any and all macrophytes, there are almost always exceptions 
and being aware of this and looking for possible exceptions to the rules is a good approach. Mn can limit and stunt plant growth con-
siderably but little is known about in the aquarium. Often the only trace element under consideration is Fe. By in depth reviewing of 
the other micronutrient trace elements, a better understanding and prediction of growth may be ascertained.  
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