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Graphical abstract

Fluxes of Mo in forests

Abstract

This review deals with the importance of molybdenum
(Mo) in nitrogen fixation in forests as well as the
distribution of Mo in the various components of a forest
ecosystems and its cycling. With regard to nitrogen (N)
fixation in tropical forests, the limiting factor is the
availability of phosphorus in soils. For the temperate and
boreal forests, the Mo availability is more crucial. The
canopies of the tropical forests retain Mo from
precipitation, which is used for N fixation by the
microorganisms living there. There is also retention of Mo
in throughfall deposition by the canopy of temperate
forests but so far, there has been no information as to the
biological processes taking place there. The contribution of
Mo in bulk and throughfall deposition in the Mo cycling is
more important than once thought. There is great
variability in Mo concentrations in tree leaves either
conifers or broadleaves and even within the same species.
In soils, the organic matter, clay and the oxides of Al, Fe and
Mn play a predominant role in preventing Mo from
leaching.

Keywords: Molybdenum, nitrogen fixation, forest, Mo
cycling.

1. Introduction

Although Mo is considered a rare trace element, its
importance to the global N cycle is immense. Plants can

assimilate nitrates only if the latter is converted to
ammonia through its reduction by two separate enzymes:
nitrate reductase, which reduces nitrate to nitrite and
nitrite reductase, which reduces nitrite to ammonia. The
nitrate reductase is a complex enzyme. It contains several
prosthetic groups including cytochrome and Mo. It is
assumed that during the reduction electrons are directly
transferred from Mo to nitrates (Marschner, 1985).

Perhaps the most prominent role for Mo is as a cofactor in
the nitrogenase enzyme in the N fixation process. Nitrogen
fixation is a reaction used by some bacteria to obtain N
from the atmosphere through its conversion to ammonia.
The N2 molecule is extremely stable. The industrial
production of ammonia requires a temperature of 400 °C
and a pressure of 200-350 atmospheres and a catalyst,
usually Fe. Bacteria are able to carry out this reaction at
normal temperature and pressure using the nitrogenase
enzyme which consists of two proteins, a large one
containing Fe and Mo and a small one containing Fe (Wood,
1989). Short supply of Mo can lead to limitation of
biological N2 fixation (Silvester, 1989; Jean et al., 2013).

For all these reasons agricultural research has long payed
attention to the importance of Mo in the growth and health
of both N-fixing and non-fixing crop plants, which has also
contributed to the understanding of Mo chemistry in soils
(Gupta, 1997; Kaiser et al., 2005).

The important factors that determine Mo availability in
soils are pH and sorption by clay minerals and Fe, Al and
Mn oxides, a process, which is pH dependent. At low pH (3—
5) Mo becomes strongly adsorbed (Xu et al., 2013). Recent
evidence suggests that Mo can also bind to soil organic
matter through ligand exchange and specific adsorption
(Wichard, 2009). At high pH, Mo solubility increases with
decreased adsorption to the solid soil constituents, which
in turn increases Mo loss in leachates as soluble molybdate
(Mo04?%). The molybdate is the predominant ion form in
the soil solution.

In general, the total Mo concentration in mineral soils
reflects the nature of parent material. The exception is the
organic soil horizons, which can be enriched by Mo in
deposition derived from industrial activities and sea sprays.
Measuring a core from an ombrotrophic Swiss bog
representing 12370 *C years of peat accumulation, Krachler
and Shotyk (2004) showed that Mo in atmospheric aerosols
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today was derived mainly from anthropogenic emissions.
Nygard et al., (2012) argued that both local point sources
and long-range atmospheric transport of pollutants
contribute to the enrichment of soil organic horizons with
Mo. The sea sprays also contribute to soils enrichment, as
Mo is the most abundant transition metal in open seawater
(approximately 10 mg L'!) (Smedley and Kinniburgh, 2017).

As expected, far fewer works have dealt with Mo in forests
than in agricultural lands. The aim of this work is to review
the importance of Mo in N fixation in forests as well as the
distribution and cycling of Mo in forest ecosystems.

2. Therole of Mo in N fixation in forests

When studying the role of Mo in N fixation in natural
forests (symbiotic or asymbiotic), researchers usually
divide the forest types into temperate, tropical and boreal
ones. The reason for this is the energy cost. Nitrogen
fixation needs energy in the form of ATP (adenosine
triphosphate) and an environment free of oxygen
(Gutschick, 1981). To fulfill these conditions the N fixing
organisms use large amounts of phosphorus (P). This can
be a problem in tropical ecosystems where highly
weathered soils are depleted in rock-derived nutrients (like
P). In tropical forests of lowland Panama, Wurzburger et al.
(2012) showed that Mo limits fixation in P-rich soils while
Mo and P co-limit the process in P poor soils. In a tropical
forest in Costa Rica, Reed et al. (2013) found that Mo
affected the N fixation only in the tree canopies (where the
Mo content is very low) but not in the leaf litter or soil
where the P content was the most influential factor. The
importance of canopy with regard to N fixation in tropical
forests was stressed by Stanton et al. (2019). These authors
found that fixation of N by cyanobacteria in tree canopies
in a tropical forest in Panama can contribute to significant
N fluxes at the ecosystem level, especially if the
atmospheric inputs of nutrient-rich dust provide
phosphorus and Mo to N fixers.

In temperate forests, the role of Mo in N fixation is
probably more crucial than that in the tropical forests as
available P is not so limited in soils. Dynarski and Houlton
(2018) reviewed all forms of N fixation that did not involve
a plant symbiotic partner. They found that in temperate
forests fertilization with Mo significantly stimulated N
fixation, whereas in tropical forests the combination of Mo
x P was the crucial factor. Silvester (1989) found that a
variety of forest species {Douglas fir (Pseudotsuga
menziesii Mirbell, Franco), red cedar (family Cupressaceae,
Bartlett), pines, alder (Alnus species, Mill.)}, etc. in Pacific
Northwest forests in USA produce litter, which supports
nitrogen fixation during the decay process. He also found
that the quantity of nitrogenase of bacteria increased
significantly with Mo additions in a litter substrate when
the latter had very low Mo concentrations. Jean et al.
(2013) found that seasonality played a significant role with
regard to the importance of Mo in N fixation in Canadian
cold coniferous forests {black spruce (Picea mariana Mill.,
Britton, Sterns & Poggenburg) and pines}. In contrast to
tropical forest where litter is continuously produced and
degraded, the litterfall and nutrient cycling in these forests
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are strongly dependent on seasons. The above-mentioned
authors argued that Mo was important (for N fixation in
litter) in the mid growing season but not in the early or late
season. In temperate forests, an association was found
between symbiotic and heterotrophic N fixation. Working
in 24 forests in the Oregon Coast Range dominated by
Douglas fir, Perakis et al. (2017) reached the conclusion
that legacies of symbiotic N-fixing trees can increase the
abundance of multiple elements (including Mo) important
to heterotrophic N-fixation. The same authors suggested
the relationship of C/Mo in organic soils to predict the Mo
limitation of N fixation.

In a boreal forest dominated by black spruce in north
Sweden, Rousk et al. (2017) found that biological N fixation
by moss-associated cyanobacteria was up to four-fold
higher shortly after the addition of Mo, in both the
laboratory and field experiment. These findings show that
N fixation activity as well as cyanobacterial biomass in
dominant feather mosses from boreal forests are limited
by Mo availability. Sometimes cryptogamic species and
their associated cyanobacteria in areas of Mo limited (like
boreal forests) resort to alternative nitrogenases, which
use vanadium (V) or iron (Fe) in place of Mo at their active
site. This was found in specimens of the green dog lichen
(Peltigera aphthosa L., Willd.), a symbiotic association
between a fungus, a green alga and a N-fixing
cyanobacterium derived from Alaska, Alberta, Sweden and
Russia and Canada. In any case, the acquisition of V was
strongly regulated by the abundance of Mo (Darnajou et
al., 2017).

3. Molybdenum cycling and distribution

3.1. Hydrological cycle

The concentrations of Mo in precipitation are low
measured in ng L. There is also great variability. Agusa et
al. (2006) found a mean value 100 ng L of Mo in suburban
areas of Hanoi, Vietnam. Michopoulos et al. (2020) found a
range of 70-182 ng L! in a mountainous fir forest in
Greece. In an older work, Shijo et al. (1996) found a range
of 13-62 ng L! in rainwater in Japan. Marks et al. (2015)
found lower values of Mo concentration in open
precipitation in the Oregon Coast Range in USA (range: 2—
20 ng L'Y). Despite the low concentrations of Mo in rain, the
fluxes of this element in deposition should not be
underestimated. They have been found higher than those
in litterfall (Marks et al., 2015; Michopoulos et al., 2020). In
addition, Mo in throughfall can enrich soil organic layers
appreciably. Brun et al. (2008) found that during litter
decomposition on the forest floor, Mo concentrations
increased dramatically. Michopoulos et al. (2020) in a fir
forest and Tyler (2005) in a beach forest found that the FH
horizon in the forest floor had higher concentrations of Mo
than those in foliar litterfall, leading to the conclusions that
the FH layer is enriched by the Mo content in the
throuhgfall deposition. Marks et al. (2015) reached the
same conclusions dealing with the above-mentioned forest
(Douglas fir) in the Oregon Coast Range in USA.

The difference between Mo fluxes in throughfall and bulk
precipitation entails retention or not in forest canopies
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(higher bulk deposition than throughfall fluxes is
retention). Retention of Mo by forest canopies was found
by Campbell et al. (2010) in conifer forests and one
deciduous paper birch one in British Columbia and
Michopoulos et al. (2020) in a fir forest in Greece. It is not
known if forest species can utilize Mo from precipitation
just like in the case of nitrogen. This hypothesis should be
a subject for further research. There is some evidence from
agricultural plants as incubation of deficient (in Mo) wheat
leaf segments in solutions containing Mo markedly
increased the activity the nitrate reductase (Randal, 1969).
Lichens existing in canopies and tree branches can also
retain Mo to use it for N fixation. In Pacific Northwest
forests in USA Horstmann et al. (1982) found that the
lettuce lichen (Lobaria oregana Tuck. Mdll. Arg.) was
deficient in Mo and attributed that fact to the low
concentrations of Mo in throughfall under Douglas fir
canopies.

There has been not much information with regard to Mo
concentration in soil solutions in open field. In a glasshouse
experiment, Riley et al. (1987) found negligible amounts of
Mo in leachates from acidic sandy soils when Mo was
added as Na-molybdate. Rutkowska et al. (2017) found an
average of 282 ng L' in the most common agricultural soils
in Poland using a vacuum pump. Applying zero tension
lysimeters at 65 cm in the soil of a fir forest Michopoulos et
al. (2020) found a range of 100-137 ng L in the soil
solution.

The budget of the hydrochemical fluxes of Mo (throughfall
minus soil solution fluxes) were found positive in the fir
forest mentioned by Michopoulos et al. (2020) entailing
Mo retention from soils. It is not known which part of soils
retained the most of Mo. Both organic matter and Fe, Al
and Mn oxides have this capacity. Well-drained sandy soils
have been shown to leach significant amounts of Mo unless
the pH is low (Jones and Belling, 1967). As the C content
becomes lower further down a soil profile, the responsible
soil components for Mo absorption are mainly the clay
content and the mineral oxides.

3.2. Vegetation

Information on concentrations of Mo in plant leaves from
forests is not abundant. Most studies have focused on
conifers (Lang and Kaupenjohann, 1999; Lang and
Kaupenjohann, 2000; Michopoulos et al., 2020; Weidner et
al., 1996). Two studies refer to deciduous trees, one for
beech (Fagus sylvatica L.) (Tyler et al., 2005) and one for
sugar maple (Acer saccharum, Marshall) (Richardson
et al., 2018). Finally, there is one work for evergreen
broadleaves in the Mediterranean zone (Sardans et al.,
2008) and one for an evergreen laurel (Laurus
novocanariensis Rivas Mart, Lousa, Fern. Prieto, E. Diaz, J.
C. Cost & C. Aguiar) forest in Tenerife (Heidak et al., 2014).
A question that arises from those studies is if there is a
deficiency level for Mo concentrations in tree leaves.
Deficiency levels in Norway spruce trees are reported to be
the 40 pg kg * (Lang and Kaupenjohann, 2000) but the
uncertainty is high because the tree age plays a significant
role in Mo concentrations. Weidner et al. (1996) found 150
pg kg Mo in current year needles of a 12 year Norway
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spruce (Picea abies, L., H. Karst) stand supposed to suffer
from Mo deficiency. Lang and Kaupenjohann (1999) found
100 pg kgt in the current year needles of a 20 year old
Norway spruce stand. Michopoulos et al., 2020 found 46—
47 ug kg of Mo in current and second year needles of a
mature (100 years of age) Bulgarian fir (Abies borisii-regis
Mattf.) in Greece. It seems that young trees have a higher
uptake of Mo and when comparing Mo concentrations, one
has to take into account the tree age. That stands true at
least for conifers. Such conclusions have not been drawn
for broadleaves. Tyler et al. (2005) found an average of 40
ug kg ! concentration of Mo in beech leaves but not a
significant difference between leaves of different
senescence. Richardson et al. (2018) measured higher
concentrations (average 90 ug kg 1) of Mo in sugar maple
leaves in forests of the New York state. Even higher
concentrations (126-159 ug kg) were found in the leaves
of evergreen broadleaved species, such as strawberries
trees (Arbutus unedo L.), green olive trees (Phillyrea
latifolia L.) and holm oak (Quercus ilex L.) in NE Spain
(Sardans et al., 2008). Heidak et al. (2014) found a high
variability in the leaves of laurel species in Tenerife
mentioned above (range 0.30-500 pg kg Y).
We can conclude that all these various concentrations are
the result of soils, deposition, species, age and/or the
existence of efficient rooting systems connected with
mycorrhiza.

The concentrations of Mo in tree trunks presents interest
because trunk wood accumulates elements mainly from
the soil and its metal concentrations do not reflect the
atmospheric deposition (Rossini Oliva and Mingorance,
2006). In the trunk wood of the above mentioned species
in Spain (Sardans et al., 2008) the Mo concentrations were
in the range of 33 to 77 ug kg, whereas Michopoulos et al.
(2020) found 27 pg kg in the trunk wood of a Bulgarian fir.
For the same trees, other metals such as As were not
detectable (Michopoulos et al., 2018). It can be concluded
that, however high the Mo deposition is, there is uptake of
Mo from the soil by trees.

With regard to forest ground vegetation, interestingly
enough, there is data from two types of fern: one for
bracken (Pteridium aquilinum L., Kuhn) a deciduous fern
common in the northern hemisphere (Michopoulos et al.,
2020) and the other one from the Christmas fern
(Polystichum acrostichoides Michx., Schott), a perennial
one native to Eastern-north America (Richardson et al.,
2018). In the first species, the average concentration was
found 114 pg kg 1) whereas in the second the average Mo
concentration was lower, about 0.70 ug kg. One would
expect that the perennial fern would be a better Mo
scavenger than the deciduous one. However, the
difference in species mean difference in the uptake. So
assessments on the retention of Mo in dry deposition by
canopies should be made within the same plant species.

3.3. Litterfall

The concentrations of Mo in foliar litterfall have been
found higher than those in standing leaves either conifer
needles (Michopoulos et al., 2020) or beech leaves (Tyler
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et al., 2005). Higher concentrations of Mo (than in standing
leaves) were also found in litter of Arbutus unedo and
Quercus ilex (Sardans et al., 2008). As the foliar litterfall (or
litter on soil surface) mainly consists of older needles and
leaves, the dry deposition of Mo plays a significant role in
the enrichment as mentioned above. Another interesting
piece of information is that the non-foliar litterfall was
found to have a higher concentration of Mo than the foliar
one (Michopoulos et al., 2020). This is due to the plenty
exchange sites in that kind of litterfall consisting of twigs,
lichens, mosses and insect frass.

3.4. Soils

The average total concentration of Mo in the earth crust is
1500 pg kg (Das et al, 2007) whereas in soils, it is
somewhat higher (2300 pg kg, Fortescue, 1992). This is
probably due to the creation of absorption sites in soils as
a result of weathering and the existence of organic matter.
Marks et al. (2015) found an average 1200 pg kg™* of total
Mo in the 0—-10 cm soil layer overlying sedimentary rock. In
subalpine forests soils with metamorphic rocks as parent
material Wang et al. (2009) found an increasing
concentration with depth 1550-1760 ug kg* in the mineral
layers (maximum depth 30 cm) of Alpine forests in China.
In Greece, Michopoulos et al. (2020) found also the same
increasing gradient for Mo concentration (916-1470 pug kg
1) with depth (maximum depth 80 cm) in the mineral soil
layers of a mountainous fir forest overlying flysch, a
sedimentary rock. A useful piece of information is that
carbonate material, like limestone, contain about 400 pg
kg? which is of course much less than the average Mo
concentrations (Smedley and Kinniburgh, 2017). Very
important forest ecosystems are situated on soils the
parent material of which is limestone. Of course, the pH of
such soils is relatively high and available Mo should not be
a problem. However, if weathering rates are low, such as in
mountainous forests, when temperatures are close to zero,
the low concentrations of Mo in limestone rock may not be
enough to replenish the Mo quantities needed by trees.

With regard to Mo weathering the works of Burghelea et
al. (2018) and Gardner et al. (2017) are the most
representative. The first work deals with (in a controlled
experiment) the release of Mo from four rock types in the
presence and absence of an arbuscular mycorrhizal fungi.
The results showed that Mo was easily released and the
mycorrhiza contributed to the Mo enrichment in the plant
biomass of buffalo grass (Bouteloua dactyloides Nutt.,
Columbus). Gardner et al. (2017) argued that unlike large
river systems in which dissolved Mo had been attributed
predominantly to pyrite weathering, Mo concentration in
small mountainous rivers was higher and did not correlate
with sulfates and other chemical process are the agents of
weathering like the nature of clay minerals, pH and
biological weathering mentioned above.

The organic matter plays a crucial role in retaining Mo in
forest soils. Wichard et al. (2009) found that the leaf litter
in forests from Arizona and New Jersey formed strong
complexes with Mo through plant derived tannins.
Nitrogen fixing bacteria can remove Mo from these
complexes and incorporate it to nitrogenase in their own
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bodies. In forested areas of the Czech Republic, due to
industrial activities and through atmospheric deposition
Mo has been accumulated in forest floor humus mainly in
central and southwestern Bohemia reaching 1750 pg kg
(Suchara et al., 2002), whereas in remote forest areas the
Mo content in the humus layer reaches 711 pg kg*
(Michopoulos et al.,, 2020). The maximum Mo
concentration in the O horizon (together L and FH horizon
so somewhat diluted) was 147 pg kg in forest soils in
Oregon Coast Range (Marks et al. (2015). The latter authors
concluded that the organic matter regulated long-term Mo
retention and loss from forest soils. Similar results were
found by Richardson et al. (2018) in a different concept.
Examining the decomposition of organic matter by
earthworms in forest soils under deciduous trees in the
New York state they observed enrichment of the A soil
horizon with Mo because of the dissolution of the above
organic Mo sink. As the organic C content becomes lower
with depth, the concentration gradients of total Mo follow
that of clay. Lombin (1985) found a significant correlation
between oxalate extractable Mo and clay content in soils
low in organic matter in Nigeria. The clay fraction includes
clay minerals as well as Fe, Al and Mn oxides. It can be
inferred that under climate change increased temperatures
will bring about decomposition of the surface organic
matter in forest soils (especially in countries of high
latitude) and Mo will start migrating and finally will be held
by mineral oxides. If, however, the soils are sandy it is
highly probable that Mo will be leached out of the
ecosystem.

There is some controversy over the best extractant to
determine available Mo in soils. The use of ammonium
oxalate (still widely used) to extract available Mo has been
criticized by some researchers (Griggs, 1960; Burmester
et al., 1988) on the grounds that it extracts some Mo
unavailable to plants. In any case, Lombin (1985) found a
significant correlation between Mo concentrations in
legumes and ammonium oxalate extractable Mo when the
soil organic matter was also taken into account as
independent variable. For forest soils, Lang and
Kaupenjohann (1998) proposed the use of anion exchange
resins as they found good correlation between the Mo
extracted and the Mo content in spruce needles. With
regard to the percentage of available Mo, (in relation to the
total Mo) the results vary. Duval et al. (2015) found low
percentages (0.32-0.42%), of the oxalate extractable Mo in
coastal Florida podzol soils, whereas Michopoulos et al.
(2020) found a range of 3.4% in the FH layer to 14.4% in the
20-40 cm mineral layer in a Humic alisol (FAO, 1988) forest
soil. There is one possible explanation for this discrepancy.
The labile Mo probably depends on plant uptake, which in
turn depends on the plants rooting system structure. The
latter is not uniform in space and therefore the available
Mo content is affected. This conclusion is close to the one
reached by Lang and Kaupenjohann (2000) who stated that
Mo turnover within forest ecosystems was governed by Mo
plant availability of mineral soils as well as by plant uptake.
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3.5. Uptake of Mo by trees

Trees have to replenish the amounts nutrients lost in
litterfall, both above and belowground (Cole and Rapp,
1981). The same process takes place for Mo especially in
trees that use nitrates to make up their N compounds.
Michopoulos et al. (2020) found an aboveground litterfall
flux of approximately 0.8 g ha?! yr! in a fir forest.
The same authors found about 2 g ha? of available Mo
(ammonium oxalate extractable) and 45 g halyr'in the FH
horizon and the upper 10 cm of mineral soil respectively. If
the belowground litterfall is taken into account, the total
litterfall amount of Mo that has to be replenished may
approach an amount of 2 g ha? yr’. The available amount
of Mo in the FH layer may not be enough for the plant
needs. It can be concluded therefore, that the mineral soil,
in terms of quantity, is more important in supplying Mo to
forest trees than the FH horizon. This finding agrees with
Joslin et al. (1992) who argued that the upper part of the
mineral soil was more important as a nutrient pool for trees
than the organic layer.

4. Concluding remarks

In a period of climate change the rise of temperature, can
enhance decomposition of the soil organic matter in
temperate and colder forested areas causing downward
movement of Mo. Leaching prevention then depends
entirely on the existence of mineral oxides and clay.
Considering that Mo in precipitation can be an appreciable
source of Mo in the forest floor, any lowering of rain height
(due to climate change) will have far reaching
consequences on the Mo cycling. As the trunk wood and
litter have significant quantities of Mo, care should be
taken, especially in forests overlying acidic and sandy soils
that the remnants of logging should stay in the forests.
Fertilization of forests is not common, but we know the
soils that are likely to be Mo deficient or problematic with
regard to nitrogen fixation. Old weathered or sandy soils
fertilized with phosphorus will have a response to nitrogen
fixation through the utilization of Mo. Soils of the
temperate region having sufficient available phosphorus
but not Mo will also benefit from Mo fertilization.
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