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this relation may break down.

Environmental context. Total concentrations of mineral elements in soil bear little relation to their availability
for plants. The DGT (diffusive gradients in thin-films) technique has been found to be a good predictor of trace
metal uptake and P deficiency, though not consistently in all studies for all elements. This review examines the
fundamental basis for the relation between DGT fluxes and plant uptake and assesses under which conditions

Abstract.

In the DGT technique, elements are accumulated on a binding gel after their diffusive transport through a

hydrogel. In this paper, we explore in more detail why — and under which conditions — DGT correlates with plant uptake.
The theoretical considerations are illustrated with experimental results for metal uptake and toxicity, and for phosphorus
deficiency. Strong correlations between DGT and plant uptake are predicted if the diffusive transport of the element from
soil to the plant roots is rate-limiting for its uptake. If uptake is not limited by diffusive transport, DGT-fluxes and plant
uptake may still correlate provided that plant uptake is not saturated. However, competitive cations may affect the plant
uptake under these conditions, whereas they have no effect on the DGT flux. Moreover, labile complexes are not expected
to contribute to the plant uptake if diffusion is not limiting, but they are measured with DGT. Therefore, if plant uptake
is not limited by diffusion, interpretation of the observed correlation in terms of the labile species measured by DGT is

inappropriate.
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Introduction

It is well established that the total concentrations of mineral ele-
ments in soil bear little relation to their availability for plants.!!]
Numerous soil extraction procedures have been developed to
improve the measurement of the bioavailability of these ele-
ments. These techniques have found their applications in soil
fertility assessment and for risk assessment of soil contaminants
that enter the food chain via plant uptake. For example, diethylen-
etriaminepentaacetic acid (DTPA)-extractable metal in soil is
often used to assess trace element availability, as this chelator
only extracts the more ‘labile’ metal forms.?! Other measures
such as the concentration in soil solution or in a weak salt extract
have also been proposed as indicators of plant availability,!*!
since plants access mineral elements from the soil solution.
However, soil solutions may also contain ‘inert’ species that are
presumably unavailable to plants.!*] Nevertheless, trace metal
concentrations in plant tissues usually correlate better with soil
solution concentration or CaCl, (0.01 M)-extractable concen-
trations than with total concentrations in soil (e.g. refs [3,5,6]).
In soil testing for phosphorus, a remarkably wide range of soil
testing procedures are used such as Colwell-P[”) Bray-P!®] and
resin-P1- 101 methods.

Soil tests are generally developed in an empirical way. A
strong correlation with uptake may suggest, but does not prove,
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which supply mechanisms determine the nutrient uptake by
plants in soil. Moreover, soil tests have the drawback that their
applicability is restricted to the conditions to which they are cal-
ibrated, i.e. they do not allow generalisation. Models of solute
uptake by plants are an alternative to the empirical soil testing
for predicting and unravelling factors that control plant avail-
ability. Models based on a mechanistic approach have been
used to describe uptake of major nutrients such as N, P and
K (e.g. the Barber—Cushman model).l'! The same type of mod-
els have also, though more rarely, been used to model uptake of
micro-nutrients, such as Zn and Mn!!2-13] or non-essential trace
elements, such as Cd.['*] These models have improved our under-
standing of the mechanisms involved in the transfer of elements
from soil to plant. However, despite their scientific use, they are
not used in practice since extensive — and often unavailable —
information on soil and plant characteristics is required. Also,
the simulated and observed uptake does not always agree well,
especially for trace elements (e.g. ref. [14]), which may be related
to model shortcomings (i.e. processes not taken into account or
misrepresented) or to uncertainty in the input parameters.
Quite recently, the method of DGT (diffusive gradients
in fhin-films) has been promoted as a tool to predict metal
bioavailability.!>! The DGT method measures the diffusive
supply of elements under infinite-sink conditions. A good
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correlation between concentrations of metals in plants and
their measurement by DGT has been observed in several
studies.*1>718] The empirical evidence that DGT correlates
with plant uptake of an element has preceded process analy-
sis that explains why DGT should correlate with plant uptake.
The reported strong correlations suggest that diffusive transport
of metals to the plant roots is the rate-determining process in the
metal uptake. However, uptake by plants may not be limited by
diffusion if transport through the biological membrane (inter-
nalisation) is relatively slow, which may be the case if the plant
has little affinity for the element or if the supply is large and
the plant uptake is saturated. Under these conditions, the uptake
will not be determined by the supply rate to the roots, but by the
plant’s demand. Comparison of plant uptake and DGT fluxes
may, therefore, provide valuable insight into which process is
the rate-limiting step in plant uptake, which will allow DGT to
be used as an investigative research tool.

The objectives of this paper are to review the mechanisms
of mineral element availability and how they relate to diffu-
sive fluxes measured by DGT. The theoretical basis for using
DGT to mimic uptake by plants has been examined before.!!?20]
For the mathematical details of the relevant models, we refer to
these papers. Here, we focus on the concepts and illustrate how
plant and DGT are affected by soil properties. We discuss under
which conditions the relationship between uptake by DGT and
plants may break down. Where possible, the theoretical consider-
ations are illustrated with experimental results. We first elaborate
on the mechanisms of trace element and nutrient uptake from
soil before embarking on the reactions between soil and a DGT
device. As will be shown, there are striking similarities between
the fluxes to roots and those to the DGT. We restrict the anal-
ysis to the elements for which DGT has been tested, i.e. trace
elements and phosphorus.
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Fig. 1. Schematic presentation of elemental speciation in soil. The adsorp-
tion and desorption from the free ion onto and from the solid phase and the
association and dissociation of metal complexes in solution are described as
kinetic processes using (1st order) rate constants. Inert metals on the solid
phase cannot be released into solution and inert colloids in solution do not
dissociate.

Speciation of trace metals and phosphorus in soil

The availability of elements for uptake by plants or DGT depends
on their speciation in soil. In this section, we give a general, and
greatly simplified, outline of how the speciation in soil can be
described (Fig. 1). In the solution phase, elements are present
as free ions, as complexes with inorganic or organic ligands,
or associated with mineral colloids. The free ion in solution is
generally the most reactive species in terms of reaction with the
solid phase. The sorption of the free ion on the solid phase is
relatively fast, and is often described with a solid-liquid distri-
bution coefficient or K. In the remainder of the manuscript, the
term Ky will be used as the ratio of the concentration of element
that is reversibly sorbed on the solid phase (also termed ‘labile’)
to the solution concentration. Part of the element in the solid
phase may be inert (non-labile) on the time-scale considered. For
example the element may be present as a pure or mixed solid,
in crystal lattices, or in internal pores of sorbents (e.g. oxides)
after intraparticle diffusion. Of course, this binary classification
in labile and non-labile solid phase pools is an oversimplifica-
tion. However, a more sophisticated approach, e.g. a continuous
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distribution of sorption kinetics, would be impractical to deal
with. Moreover, isotopic dilution studies suggest that labile and
non-labile pools are reasonably distinguishable, since the iso-
topically exchanged metal generally changes little with isotope
equilibration time, beyond a few days of equilibration.[?!-22]

Modelling and conceptualising uptake by plants
Uptake fluxes and plant concentrations

The way in which uptake of elements by plants is quantified
depends on the model used or on the experimental approach.
Mechanistic models often quantify uptake by expressing the
uptake as a root area based flux, i.e. the amount of element taken
up per unit of time per unit root area (e.g. in mol cm~2 s~1), or as
aroot length based flux (e.g. in mol cm~! s~!). Root surface area
and root length are of course related through the root radius.[>3!
When uptake by plants is studied in short-term experiments in
hydroponics, the uptake is usually also expressed as an uptake
flux, often based on root weight (e.g. in moles per gram root fresh
weight (REW) per hour).[2423! These root-weight-based fluxes
can be converted into area or length-based fluxes if the specific
root area (cm~2 per g RFW) or specific root length is known (cm
per g RFW). However, in many experiments, uptake by plants
is studied in long-term experiments. The plants are grown for
several weeks in nutrient solution or in soil, and the uptake is
assessed by measuring the element concentrations in the plant
tissue at the end of the experiment. As a result, the uptake is
usually quantified as internal concentrations in the plant or total
uptake of the element (= concentration x yield).

Uptake fluxes and internal concentrations are of course
related. Assuming exponential growth and that the uptake flux is
constant over time, the internal plant concentration Mp) (mol g~}
dry weight (DW)) is related to the uptake flux as follows!2¢!:

RGR

X ey (M
RWR x SRA

Fupt =

where Fyp (mol cm 2 day~!) is the root-area-based uptake flux,
RWR is the relative weight of the root (root weight v. total plant
weight) and SRA (cm? g~! DW) is the specific root area. The
relative growth rate, RGR (day~!), sometimes termed the growth
(rate) constant, describes the exponential growth:

W= WO X eRGR.t (2)
where W and W) are the plant weights at time ¢ and time 0
respectively.

In this manuscript, several graphs illustrate the uptake by
plants both as flux and as concentration in the (whole) plant. The
uptake fluxes represent time-averaged fluxes, as uptake fluxes
in soil decrease over time in case of diffusion limitations.

Free jon activity model (FIAM) and
biotic ligand model (BLM)

We will first briefly discuss the ‘equilibrium models’, which
assume that the transport in solution towards the site of uptake
is fast compared with the actual uptake, before progressing to
models that take into account possible transport limitations in
the uptake. A more elaborate discussion of these equilibrium
models can be found elsewhere.27-28]

The FIAM relates metal toxicity and availability to the
free ion activity of the metal in the surrounding solution. The
FIAM was formulated to rationalise the experimentally observed

200

F. Degryse et al.

relationship between free ion activity and uptake or toxicity
of metals (e.g. refs [29,30]). Many studies from the literature
for aquatic systems, where unicellular organisms were studied,
support the FIAM, although some exceptions have been found
(e.g. ref. [31]).

The FIAM has also been applied to describe metal uptake
by plants from solution, but the number of studies that support
the FIAM for higher plants is limited. Some studies have shown
that addition of chelators to hydroponic solutions decreased the
biouptake (e.g. ref. [32]), and these are often considered to be
supportive of the FIAM. However, the decrease in free ion activ-
ity upon addition of chelator was probably in many cases larger
than the decrease in uptake, which actually illustrates that the
FIAM does not hold and that complexes partly contribute to
the uptake. Studies that show exceptions to the FIAM for metal
uptake by higher plants?®3-3%! are much more numerous than
those that unequivocally support the FIAM. We speculate that
these exceptions are in many cases a consequence of the dif-
fusional supply of metal to the uptake site being rate-limiting,
rather than the rate of internalisation (as is assumed in the FIAM).
Under these conditions, labile complexes can contribute to the
metal uptake by enhancing the diffusion flux (see later).

The BLM is similar to the FIAM but also takes into account
the effect of competing cations. The BLM predicts the degree of
metal binding — which is related to the toxicological response —at
the site of action (‘biotic ligand’). The BLM has been success-
fully applied to predict metal toxicity for a variety of aquatic
organisms and metals (e.g. refs [40,41]).

These concepts have also been used to predict metal uptake
by plants from soil. The distribution of a metal between solid
and liquid phases is then modelled with an equilibrium parti-
tioning model, and the plant response (uptake or toxicity) is
modelled from the solution composition using a FIAM or BLM
approach.[426] These models give reasonable predictions of the
uptake, but this does not prove that the ‘equilibrium’ assump-
tions behind the model are valid. For example, Hough et al.[40]
showed that the prediction using a FIAM approach was not supe-
rior to that of a simple empirical regression model. As pointed out
by the authors, the derived ‘reaction constants’ could truly rep-
resent an equilibrium condition, in which case they describe the
affinity of metal and proton ions for the root sites, but they could
also be fitting parameters in a transport-limited uptake process.

Taking all evidence together, the free-ion-based equilibrium
models (FIAM/BLM) generally performed better for unicellular
aquatic organisms and for higher plants in the toxic concentra-
tion range. For metal uptake by higher plants under non-toxic
conditions, contrary to the predictions of the FIAM, complexes
were often found to contribute to metal uptake.

Diffusion limitations and bias in the
Michaelis constant (Kys)

The FIAM and BLM assume that the diffusive transport of ele-
ments to the site of uptake is not rate-limiting, and result in an
equilibrium approach in which uptake is related to the free ion
activity in the bulk medium. Diffusion limitations may explain
the experimentally observed deviations from the FIAM. To eval-
uate whether uptake is diffusion limited, the limiting diffusion
flux must be compared with the plant uptake flux.[47]

Labile complexes may contribute to the diffusion flux, but
this will be discussed further on. Here, we make the com-
parison for a solution without complexes, for which the total
concentration of the element in solution, ¢, equals the free ion
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concentration, [M?*]. The limiting diffusion flux (i.e. the diffu-
sion flux when the free ion concentration at the surface, [M2+]S,
is zero) equals:

3)

where D is the diffusion coefficient and § is the thickness of
the diffusion layer. The diffusion coefficient in water at 20°C is
around 5 x 1076 cm? s~! for most metals ions and for phosphate.

The plant’s demand can be described with the Michaelis—
Menten equation, which relates the uptake flux Fyp to the free
metal concentration at the root surface, [M2];:

M2

Km + Mg @

F upt = Finax
where the parameters Fiyax and Ky define the Michaelis—Menten
curve. The ‘Michaelis constant’ Ky equals the free ion concen-
tration at which the uptake flux is half of the maximal uptake
flux Finax. A smaller value of Ky denotes a higher affinity of the
transporter for the element. At low activities ([M>]s < Km),
the Michaelis—Menten equation can be reduced to a linear
relationship:

Fmax

Kwm

M) = M2 (5)

F upt =
Although the root absorbing power « is strictly defined as the
ratio of uptake flux and the concentration at the root surface,4®!
it is in practice usually calculated as the ratio of uptake flux and
concentration in the bulk solution, since the concentration at the
root surface is not known. The root absorbing power is then the
slope of'the linear relation between uptake flux and concentration
in the surrounding solution, at low concentration where plant
uptake is not yet saturated (Fig. 2). If bulk concentrations and
concentrations at the root surface are equal (i.e. no diffusion
limitations), we obtain:

Fmax

247 — o v
Koy M7 =a-[M™T]

F upt = (6)

The uptake is limited by diffusion if the (limiting) diffusional
flux is smaller than the plant’s demand, i.e. if Finax/Km > D/,
which may occur at low concentrations (Fig. 2). In that case,
the free ion concentration at the root surface will be much
smaller than in the bulk solution, and the diffusion flux as
well as the uptake flux Fype will approach the limiting diffu-

sion flux (i.e. Fyp = F, cll'l’}’) This is mathematically expressed by

the Best equation,*) which gives the steady-state solution for
Michaelis—Menten uptake kinetics in combination with diffusive
transport (cf. the thick line in Fig. 2a).

The Michaelis—Menten parameters are usually determined by
measuring uptake at different free ion concentrations, with the
assumption that bulk concentrations equal the concentrations
near the root surface. However, if uptake is limited by diffusion,
the derived Michaelis constant will not reflect the plant root
affinity. Rather, apparent constants will be obtained that provide
an indication of the diffusion limitation, as shown by combining

Eqns 3 and §:
D

KM,app - d

Fmax

(app) = ()

Under diffusion limitations, an increase in the diffusion
flux will increase the plant uptake. For example, a decrease in
the diffusion layer thickness will increase the value of o (app)
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Fig.2. Actual uptake flux (thick line) as a function of the free ion concen-
tration in solution (a). The dotted line gives the limiting diffusion flux, and
the thin line represents the physiological demand (Michaelis—-Menten uptake
kinetics with Michaelis constant K e ). At low concentrations, the uptake
is limited by diffusion. As a result, the apparent, experimentally determined
Michaelis—Menten constant (K, app) is larger than Ky qrue. The (apparent)
root absorbing power a(app) corresponds to the slope of the uptake curve at
low concentrations. Concentration profile under diffusion limitations (low
concentration range) (b). Concentration profile at high concentrations, when
there is no diffusion limitation (c).

Table 1. The (apparent) root absorption power & (pp) (= Fmax/Km,app)
for uptake of Cd by spinach in stirred or stagnant solution and esti-
mated thickness of the diffusion layer (§) surrounding the roots (Eqn 7;
D=5x10"%cm?s™!)
Results from ref. [50]

Solution Q(app) (cm s7h Estimated § (jum)
Stirred 33x107* 151
Stagnant 9.7 %x 1073 514

and decrease the apparent Michaelis constant. Stirring indeed
increased the value of « for short-term uptake of Cd by spinach
in solution.’” Based on Eqn 7 and on the data from ref. [50],
we estimate a value for § of ~500 wm in a stagnant solution and
150 wm in a stirred solution (Table 1). Literature values for o
determined in solution culture are generally between 7 x 107>
and 103 cms™! for Cd and Zn (SRA of 200cm?g~! root
fresh weight assumed to convert root-weight-based flux into
surface-area-based flux), which corresponds to values for §
between 50 and 700 pm.[25-51:521 Also for phosphorus, solu-
tion culture experiments generally yield values for o of the
same magnitude, between § x 1072 and 8 x 104 cms—1.[33-33]
This strongly suggests that the Michaelis constant is biased by
transport limitations and that uptake of Cd, Zn and P is limited



Table 2. Typical concentrations in plant,]®® and in soil solution!*¢!

(lower concentration range), and calculated concentration factors (CF,

ratio of plant concentration to soil solution concentration), sorted by
increasing CF

Elements for which diffusion limitations in plant uptake may arise are

in bold
Element Cplant Csol CF
(mmol kg~! DW) (WM) (Lkg™' DW)

Ca 25 1000 25
B 1 20 50
S 30 500 60
Mg 40 500 80
Mo 0.001 0.01 100
Co 0.003 0.03 100
K 250 200 1250
N 1400 1000 1400
Mn 0.4 0.2 2000
Cu 0.1 0.05 2000
Zn 0.3 0.1 3000
Fe 1 0.2 5000
P 65 10 6500

by diffusion in the lower concentration range (¢ < K, app). We
found strong indications that true Ky values of Cd and Zn are in
the nM range, i.e. over two orders of magnitude lower than the
values usually reported (F. Degryse et al., unpubl. data).

Barber—Cushman model

The Barber—Cushman model and other similar plant uptake
models consider the diffusive supply of solutes to the plant
roots. These models were initially developed to model nutrient
uptake,!' ! but have more recently been used to also model uptake
of trace metals.l'214] Here, we used the NST 3.0 model(!3]
to calculate uptake according to the mechanistic approach of
Barber.[¢]

In the Barber—Cushman model, the Michaelis—Menten equa-
tion (Eqn4) is combined with a transport equation. This transport
equation includes both mass flow and radial diffusion of the
elements to the plant roots. The amount of element delivered
by mass flow can be calculated from the amount of water
used and the concentration of the element in solution. Table 2
gives typical plant and soil solution concentrations for essen-
tial plant nutrients, and estimated concentration factors, CF,
i.e. the ratio of plant concentration to soil solution concentra-
tion. While recognising that there are large differences in soil
solution concentrations between soils, this approach allows ele-
ments for which uptake is most likely not limited by diffusion
to be distinguished from those for which diffusion limita-
tions may arise. Typically, the water inflow rate vo is around
5% 1077 cm? em™2 57! or 0.04 cm day~'.13¢) Mass flow should,
therefore, be sufficient to supply the plant’s demand if its supply
flux, given by (vg x ¢), is greater than the flux to the plant, Fypt.
Substituting from Eqn 1, this condition is equivalent to:

M
=7pl<

RWR x SRA
<y X ——

RGR

CF 8)

Using realistic values!?®! for RGR (0.2day~!), RWR
(0.2 g root g~! plant) and SRA (2000cm? g~! root DW), we
estimate that mass flow alone is sufficient if the concentration

factor is below ~100Lkg~! DW. Mass flow thus supplies a
sufficient quantity to satisfy the plant’s demand for elements
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such as Mg, Ca and S (Table 2). Excess supply by mass flow
over demand may even lead to these elements accumulating at
the root surface, and result in a larger concentration near the root
surface than in the bulk solution.’®) However, mass flow does
not meet the plant’s demand for many other elements, for which
the plant’s requirement (internal concentration) relative to the
solution concentration is much larger. Consequently, elements
such as K and P are depleted near the root surface. The resulting
concentration gradient perpendicular to the root surface induces
a diffusive flux of the element from the bulk solution to the root
surface.

Contribution of metal complexes to metal availability

The Barber—Cushman model, that was developed for macronu-
trients, does not take into account solution speciation, as the
speciation of macronutrients in solution is usually dominated by
one ionic form (e.g. nitrate, phosphate, sulfate anions, potas-
sium and calcium cations). The speciation of trace metals in
solution is, however, more complex. They occur not only as
free ions, but also as complexes with inorganic or organic lig-
ands. For example, Cu in solution is usually mainly present as
complexes with dissolved organic compounds.”) Cadmium and
zinc occur mainly as free ions in solution at low pH — unless
there are elevated concentrations of inorganic ligands that may
form complexes — but a considerable fraction may be complexed
with dissolved organic matter at pH > 6.5.157] Neither the orig-
inal Barber—Cushman model, nor the more recent plant uptake
models (e.g. NST 3.0), include the effect of labile complexes,
which act as a mobile buffer. While the theoretical framework is
available to incorporate this in plant uptake models,*8! the main
obstacle is probably a lack of reliable data on metal speciation
and lability of complexes under relevant conditions (i.e. in ‘real’
soil solutions). Determination of the metal speciation in soil
solutions often poses practical challenges. First, isolation of soil
solution in volumes that are large enough to carry out the spe-
ciation analysis is a laborious method, since the solution should
preferably be extracted at a moisture content close to that in situ
(e.g. by centrifugation). Soil extracts with dilute salts at larger
liquid-to-solid ratios are easier to obtain. However, dilution of
complexing ligands occurs at larger liquid-to-solid ratios, and
the speciation of elements with high affinity for organic ligands
(e.g. Cu) may, therefore, strongly differ between a soil extract and
‘true’ soil solution.!®®! Second, determination of the metal speci-
ation in the solution often poses analytical difficulties, especially
for elements with a small free ion fraction.>”]

In solutions with labile complexes, the limiting diffusion flux
is larger than in ligand-free solutions at the same free ion activity,
since the labile complexes dissociate within the diffusion layer,
and thus contribute to the diffusive supply. The limiting diffusive
flux under these conditions is:

€

where cjyp is the concentration of all labile species, i.e. the free
ion as well as the complexes that dissociate fast enough to con-
tribute to the diffusion flux. The association and dissociation rate
of a complex, ML, can be quantified by first order kinetics. The
first order rate constants for association (k, ) and dissociation (kq)
are related through the stability constant, Ky :

 k k (ML)
ML “—= M+L, Kuy=—=—7- (10
kd * =T ™o 10
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Fig. 3. Effect of free metal ion buffering by complexes in solution on uptake by plants under diffusion-limited (zero sink) conditions. (a) Schematic

representation of the effect of complexes (ML) on uptake of free ion M (K: equilibrium constant, k, and &q4: rate constants for association and dissociation).
If uptake is limited by diffusion, the free ion is depleted in the diffusion layer, which induces dissociation of complexes and thus increases the uptake flux.
(b) Predicted increase in uptake flux F' (relative to uptake in a solution with same free ion concentration and no (labile) complexes, Finert) as a function of
buffering, for different dissociation rates of the complex. Symbols show measured values for uptake of Cd by spinach in solution with Cd-NTA (kg > 1072 s1),
Cd-HEDTA (kg = 10~28 s~1) and Cd—CDTA (kg = 10~ s~1).15% The dotted line represents the flux if the complexes fully contribute, i.e. to the same extent as
the free ion. (c) Modelled steady state concentration profiles of free ion (full line) and complex (dotted line) for [Mio]/[M?] = 1000 and different dissociation

rates of the complex. (Details of model in ref. [50].)

The faster a complex dissociates (large kq), the more likely it
is to contribute to the diffusion flux. At the same free ion activ-
ity, the limiting diffusion flux (the diffusion flux under infinite
sink conditions) increases with increasing concentrations and
increasing dissociation rate constants of the complexes.

The presence of metal complexes in solution makes the
application of the Barber—Cushman model more complicated.
If uptake is limited by diffusion, the depletion of the free ions
near the root surface will induce the dissociation of complexes.
All complexes that dissociate fast enough will then contribute to
the uptake (Fig. 3a). Therefore, uptake will not depend on free
ion activity alone. If uptake is not limited by diffusion, only the
free ion will affect the uptake, which can then be predicted by a
model based on free-ion activity (e.g. BLM).

Measurements of uptake by plants in nutrient solutions have
indeed demonstrated that metal complexes may contribute to
metal uptake by plants.333% Uptake of Cd by spinach in
chelator-buffered solutions at constant Cd?>* concentration of
1 nM increased with increasing dissociation rate of the complex.
At 1 pM of complex, the uptake in a solution with Cd-1,2-
cyclohexanediaminetetraacetic acid (CDTA) (kg ~107>s~1)
was only two-fold larger than in an unbuffered solution with
the same free ion activity, while it was 100-fold larger if
Cd-nitrilotriacetic acid (NTA) (kg > 0.01 s™!) was used as the
complex. The observed effect of complexes agreed well with
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model calculations in which plant uptake was assumed to be
governed by the diffusional flux (Fig. 3b).’%! The modelled
concentration profiles illustrate that fast dissociating complexes
contribute substantially to the uptake flux, as apparent from the
large depletion in the complex near the root surface, while only
a minor fraction contributes in the case of slowly dissociating
complexes (Fig. 3c). Most environmentally relevant metal com-
plexes probably dissociate relatively quickly (kg > 1073 s~1),[60]
and are therefore expected to contribute considerably to plant
uptake under diffusion-limited conditions.

Effect of solid-phase buffering on metal availability

If uptake is limited by diffusion, the depletion in the solution
concentration disturbs the equilibrium between metals in solu-
tion and metals sorbed on the solid phase. Metals then desorb
from the solid phase to restore the equilibrium. The equilibrium
of'an element between the (labile) sorbed pool and solution phase
is often described with Freundlich parameters or with a simple
K4 (common unit: L kg~1) in case of linear sorption. In the NST
3.0 model,['3] the solid-phase buffering is expressed as the buffer
power b, which gives the relationship between total amount of
the element per volume unit of soil and the solution concen-
tration. The buffer power is related to the Ky (in case of linear
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sorption) as follows:

b=060+4 pKy (11
where 6 is the volumetric moisture content (dimensionless)
and p the bulk density of the soil (kgL~'). Fig. 4 illustrates
the effect of solid-phase buffering in the case where uptake is
diffusion limited. The depletion zone is much smaller for well-
buffered solutes with high Ky (e.g. phosphate, metals), because
of the larger resupply from the solid phase, than for non- or
weakly buffered solutes (e.g. nitrate). The larger supply from
the solid phase for well buffered elements results in a larger root
absorption power and larger concentration factor. At constant
solution concentration, the Barber—Cushman model predicts that
anincrease in solid-phase buffering by a factor of 10 will increase
the uptake flux (under diffusion limited conditions) by a factor
of 1.3 (at low buffering) to 2.7 (at high buffering) (Fig. 4).

The Barber—Cushman (or NST 3.0) model assumes that there
is an equilibrium between the solid phase and solution phase.
However, desorption from the solid phase may be kinetically
limited, in which case the effect of solid-phase buffering will be
overestimated with the Barber—Cushman model.'”! The effect
of slow desorption on the diffusion flux will be discussed in
more detail below.

The DGT technique

The DGT technique was originally developed for measurement
of trace metal concentrations in water.®!l A device typically
consists of a resin-gel overlain by a hydrogel layer and filter
membrane that is in contact with the solution. The resin (Chelex)
has a high affinity for metal ions and acts as a zero sink, thus
inducing diffusion of metals through the diffusion layer (i.e. the
hydrogel and filter), before their being captured on the Chelex
resin. After a set period of time #, the amount of metals (M)
accumulated on the resin is measured, and the time-averaged
flux can be calculated as:

Fpetr=M/(A-1) (12)
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where A4 is the area of the exposure window. The DGT mea-
surements are often reported as DGT-measured concentrations

(cpGT)-

cpGT = Fper - Ag/D=M - Ag/(D-A-1)  (13)
where D is the diffusion coefficient of the ion and Ag the thick-
ness of the diffusion layer. The DGT-measured concentration is —
by definition — the time-averaged concentration at the interface
(between DGT device and solution) of metal species that con-
tribute to the diffusion flux, either free ion or labile complexes. In
well stirred solutions, there is minimal depletion in the solution
near the interface, and the DGT-concentration, therefore, equals
the bulk concentration of all (DGT-)labile species. Procedures
are available to correct for non-negligible depletion in solution
if necessary.[92]

If epgr is smaller than the bulk concentration for a well
stirred solution, it indicates the presence of complexes that are
non-labile on the DGT timescale. The DGT technique can thus
serve as a dynamic speciation tool, with the ratio of cpgt to
total solution concentration allowing evaluation of the dissoci-
ation kinetics of complexes in solution, and has indeed been
used for that purpose in recent years.l%3-%5] The DGT timescale
depends on the thickness of the diffusion layer, and the kinetic
window, which defines the measurable species, can therefore
be varied, typically from 1 min to 1h, by varying the thickness
of the diffusion layer. A larger thickness of the diffusion layer
allows for more dissociation — and hence larger contribution —
of the complexes. Warnken et al.[%% used this approach to obtain
information on the dissociation rate of metal complexes in situ
in a river.

Fig. 5b shows the modelled effect of concentration and dis-
sociation rate of complexes on the DGT flux (calculations with
Matlab; same model as ref. [63]). As for diffusion-limited plant
uptake (Fig. 3b), it is predicted that — at a constant free ion
concentration — the flux increases with increasing concentration
and increasing dissociation rate of the complex. Similar concen-
tration profiles are predicted for diffusion-limited plant uptake
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[Miot/IM?+] = 1000 and different dissociation rates of the complex (c). (Calculations with Matlab for excess ligand; details

of model in ref. [63].)

(Fig. 3¢) and during DGT deployment (Fig. 5c¢). A compari-
son of Figs 3¢ and 5c indicates, however, that more dissociation
of the complexes is induced during DGT deployment than dur-
ing plant uptake. This can be explained by the presence of the
resin layer. The complexes diffuse into the resin layer, where
dissociation of the complex is strongly promoted, since the resin
acts as a zero sink. For example, Garmo et al.l%! observed that
increasing the thickness of the resin layer increased the labil-
ity of lanthanide complexes, which confirms that the resin layer
affects the lability of the complexes. This effect is most pro-
nounced for strong, slowly dissociating complexes. It was indeed
observed that DGT-measured and plant uptake fluxes of Cd
were well correlated, but that the contribution of Cd complexes
to the DGT flux was larger than the (diffusion-limited) plant
uptake. 0]

The DGT technique can also be applied to sediments and
s0ils.[%] The device is then brought in close contact with the sed-
iment or soil, which is usually wetted to saturation. In contrast
to the situation in a stirred solution, there may be considerable
depletion of the solution concentration in the soil near the inter-
face between soil and DGT. As a result, metals will desorb from
the solid phase to resupply the solution. The solution concentra-
tion near the interface will be less depleted for strongly buffered
solutes than for solutes that are not well buffered, either because

205

the solid-phase pool is small or because desorption from the
solid phase is slow. The diffusive layer can extend several cen-
timetres into the soil if there is little buffering.[67] Therefore,
the DGT timescale, which is determined by the total thick-
ness of the diffusion layer in the device and soil, can be up
to several hours to days for solutes in soils with poor buffering.
Harper et al.l%8! developed a mathematical model (DIFS, DGT
induced fluxes in sediments and soils) to describe these processes
and made it available in one-dimensional (1-D) form. Later, a
two-dimensional (2-D) version, which accounts for the lateral
diffusion at the edges of the DGT window, became available.!*’]
The DIFS model allows prediction of the ratio (R) of DGT
concentration to total solution concentration, given the deploy-
ment time, the solid—liquid distribution coefficient (K4) and the
response time of the sorption process (7T = (k1 —i—k,l)_l, see
Fig. 1).17) For a deployment time of 24 h, values of this ratio R
are typically around 0.8, 0.5 and 0.25 for K4 values of 1000, 100
and 10 Lkg™! respectively, when resupply is fast (7, < 1 min)
(Fig. 6). Thus, at constant solution concentration, the DGT flux
increases with increasing solid-phase buffering. In the K4 range
10-1000 L kg™!, an increase by a factor 1.5-2.5 is predicted if
the Ky increases by a factor 10, which is similar to the relative
increases for diffusion-limited plant uptake (Fig. 4). If desorp-
tion is slow, the depletion in the solution concentration is more
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pronounced and the solid-phase pool has less effect on the DGT
flux (Fig. 6).

The DIFS model can also be used to estimate 7, or K4 from
measured values of R for different deployment times. The ratio
R represents the ratio of DGT concentration to in-situ soil solu-
tion concentration during the DGT deployment. In these types
of studies, the soil solution should, therefore, be extracted at the
same moisture content as during the DGT deployment (typically
water holding capacity), for instance by centrifugation or using
Rhizon samplers. The DGT technique was used in this way to
estimate the K4 and sorption kinetics for Cd, Zn and Ni.[67-70.71]
Note the parallel with the use of the DGT technique to measure
dissociation kinetics of complexes in solution (see above). The
ratio of cpgr to total concentration in solution, R, has been used
to estimate the dissociation rates of complexes in solution, a low
R value pointing to slow dissociation kinetics. When applied to
soils, that same ratio (cpgr to total soil solution concentration)
is considered to be an indicator of the desorption rate of met-
als from the solid phase of soils, a low R value indicating slow
desorption. When using the DGT technique to estimate desorp-
tion kinetics in soils, one should bear in mind the caveat that
slow dissociation kinetics of complexes in solution may also
lower the value of R. As the DIFS model considers all com-
plexes in solution to be fully labile, the resupply from the solid
phase will be underestimated (i.e. K4 underestimated or 7 over-
estimated) if there are non-labile complexes in solution. This is
most likely for elements that strongly bind to organic acids (e.g.
Cu) or that have inherently slow kinetics (e.g. Ni).1°*] However,
even for elements such as Cd and Zn, biased results may be
obtained since part of the metals in the <0.2 jum solution phase
may be non-isotopically exchangeable (which indicates that they
are non-labile), especially in high pH soils.[*! Ideally, soil solu-
tion should be separated from the soil (e.g. by centrifugation) and
DGT deployment should be carried out on the solution as well, to
assess the DGT lability of the soluble metals separately. Obtain-
ing soil solution in large quantities is however a tedious work.

The DGT technique has also been applied for measuring
phosphorus in water, sediment!’?! and in soil.[7>-74! Ferrihy-
drite is then used as binding agent instead of Chelex. Ratios
of cpgT to P concentration in a stirred solution were unaffected
by varying pH (pH 3-9) and by increasing concentrations of
chloride, sulfate and nitrate, while bicarbonate decreased cpgr,
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but only at very high concentrations that are unlikely to occur in
soil solutions.[”3] Anions are, therefore, not expected to have an
interfering effect on DGT measurements of P in soils, whereas
the resin method with an anion exchange membrane!’%! is more
subject to anionic interferences. The capacity of the Fe oxide gel
is ~2.5 wg P em~2, which corresponds to a cpgr of 450 g L~!
for a 24 h deployment with a standard DGT device at 25°C.[72.73]
Saturation (i.e. a non-linear response to the solution concentra-
tion) may, therefore, start to occur under these conditions for
cpgt larger than ~300 ng L~! or 10 uM. As ¢pgr is usually
well below this value for environmental samples (soil and water),
saturation should generally not be an issue. However, solution
concentrations of P may be 1000 g L=! or higher in heavily
fertilised soil,l’”! in which case it is advisable to use shorter
deployment times.

When relating DGT to plant uptake, DGT measurements have
often been reported as ‘effective concentrations’ cg.13:1%-181 The
effective concentration is the hypothetical concentration in solu-
tion that would be needed to accumulate the observed amount
of metal on the resin if there were no solid-phase buffering (i.e.
only diffusional supply). The effective concentration differs from
cpgT With a factor that depends on the geometry of the device,
deployment time and soil tortuosity. For a 24 h deployment on
saturated soil with a standard DGT device (Ag =0.93 mm), cg
is ~13 times larger than cpgr, although this factor may vary
slightly depending on the water holding capacity of the soil. In
the remainder of this paper, we will report DGT measurements
as fluxes or as cpgr. Where reference is made to studies that
reported the DGT measurements as cg, a factor of 13 was used
to convert cg to ¢pGT.

DGT as predictor of plant availability?

In the above discussion, clear parallels between DGT fluxes and
diffusion-limited plant uptake have been demonstrated, e.g. the
contribution of labile complexes and the effect of solid-phase
buffering. DGT mimics the action of the plant under diffusion-
limited conditions, and might, therefore, serve as a predictor of
uptake or availability. The DGT technique accounts for processes
(e.g. slow desorption (7; > minutes), contribution of complexes)
that are not taken into account by other availability indica-
tors (soil extracts) and that are usually not considered when
modelling plant uptake.
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(DGT): porosity = 0.55; Ag=0.094cm; T, = 10s; and =24 h.

The calculated uptake by plants under diffusion-limited con-
ditions, as a function of porewater concentration or (estimated)
¢paT, for various degrees of solid-phase buffering (Kq) is shown
in Fig. 7. Not surprisingly, the relationships for the different
degrees of buffering are closer when plant uptake flux is related
to cpgt, compared with the relationship with soil solution con-
centration, since plant uptake and DGT fluxes are affected by
the solid-phase buffering in a similar way. The lines are not
completely reconciled because the relative effect of Ky on plant
uptake (Fig. 4) and on DGT flux (Fig. 6) is not exactly the same
because of the different geometry.

In Fig. 7, it is predicted that the DGT-flux is about twice as
large as the plant uptake flux. More generally, DGT-measured
diffusion fluxes are not necessarily equal to the plant uptake
fluxes for several reasons. First, the moisture content is larger
during the DGT deployment (mostly performed on saturated
soil) than during plant growth: a larger moisture content results
in larger diffusion fluxes.[”8! Second, the flux depends on the
deployment time. A longer deployment time for DGT decreases
the time-averaged flux and cpgr.[”) The deployment time for
DGT is mostly 24 h. The uptake period during plant growth
is usually several weeks, but the period during which they
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effectively acquire nutrients from a specific volume of soil can
be much shorter, because of root growth and localised uptake
along the root.l”?:3%) Third, the root geometry is different from
that of the DGT device. Roots with a small radius can sustain
a larger diffusion flux than thicker roots because of geomet-
ric considerations, but the effect of root radius on the (surface
area based) diffusion flux is generally small. The effect of root
size on uptake flux is much larger if the flux is expressed on a
root weight basis,>®! as small roots have a larger specific sur-
face area. Moreover, the presence of root hairs, which are lateral
extensions of epidermal root cells, may have a large effect on
the uptake of solutes if the root hairs are longer than the width
of the nutrient depletion zone around the roots.>*! Root hairs
are, therefore, expected have the largest effect on uptake of well
buffered solutes, such as phosphate, for which the depletion zone
extends a few millimetres at most. It has indeed been shown that
root hairs may play an important role in the uptake of phosphate,
and that some plant species respond to low P availability by grow-
ing longer and denser root hairs.[”®] Finally, plants alter the soil
surrounding the roots (‘rhizosphere’), which may affect the spe-
ciation of trace metals as well as of phosphate. For instance, the
rhizosphere pH may be different from that in the bulk solution.
These pH changes mainly depend on the cation/anion uptake
ratio, which is largely related to the form of N nutrition, with
ammonium supply resulting in acidification.[®!] Root exudation
of organic acids may also affect the speciation of mineral ele-
ments in the rhizosphere.[81:82) Clearly, DGT does not account
for these biotic factors, and can only be used to predict differ-
ences in uptake that are related to the abiotic factors (i.e. soil
properties).

We analyse below the use of DGT as a predictor of uptake,
toxicity and deficiency and discuss the associated experimental
evidence.

Uptake of metals
Solution

Many studies have challenged the hypothesis that uptake of
metals is controlled by the free ion activity alone, as postulated
by the free ion activity model. It has been frequently observed
that metal complexes may also contribute to uptake of met-
als by plants.3>-36:38.83] Degryse et al.[’% measured Cd uptake
by spinach in solution in the absence or presence of synthetic
ligands. At constant free ion activity and constant total Cd con-
centration, the uptake increased with increasing dissociation rate
of the complex, and correlated well with DGT-measured con-
centrations, which strongly suggested that Cd uptake by spinach
was limited by diffusion. Similar observations were made for
Cd uptake by rapeseed (Brassica napus) (Fig. 8). Although
the uptake is related to the DGT measurements for both plant
species, there were differences in uptake between species. In
non-buffered solutions, the Cd uptake flux was larger for spinach
than for rapeseed. In buffered solutions with slowly dissociat-
ing complexes, however, the uptake flux was larger for rapeseed
(Fig. 8). In other words, the contribution of the slowly disso-
ciating complexes to the uptake, relative to the contribution of
the free ion, was larger for rapeseed than for spinach. A thicker
diffusion layer in the apoplasm of rapeseed roots could explain
the higher uptake for rapeseed in the solutions that are buffered
with slowly dissociating complexes, since uptake of the free ion
in the apoplast would promote the dissociation of the complexes
and, therefore, their contribution to uptake. This is analogous to
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a thicker resin layer for DGT that enhances the contribution of
slowly dissociating complexes.[%3]

In cases where the mass flow (i.e. convective flow caused by
plant water absorption) is sufficient to meet the plant’s demand,
there will be no depletion of the free ion near the root surface and,
therefore, no dissociation of complexes. This situation is likely
to occur at high concentrations where the plant uptake saturates
(Fig. 2). Therefore, the correlation between plant uptake and
DGT may break down at high concentrations, as DGT also acts as
a zero sink at high concentrations (unless the resin becomes sat-
urated after prolonged deployment). Oporto et al.3% illustrated
this by assessing the effect of Cd—chloride complexes at varying
Cd supply. Cadmium—chloride complexes contributed fully to
the DGT flux at both low and high Cd** activity (Fig. 9). The
short-term uptake of Cd by spinach, however, was only enhanced
in the presence of chloride complexes at the low Cd** activity.
Consequently, DGT fluxes did not correlate with plant uptake at
the high Cd** activity.

No systematic comparison between DGT fluxes and plant
uptake fluxes in nutrient solutions has been made for other
metals. It has, however, been shown that Cu and Zn uptake
in metal-ion buffered solutions, at the same free ion activ-
ity (pZn 9.2, pCu 12.2) and same total metal concentrations,
follows the following order of chelating ligand used in the
metal-ion buffer: NTA > hydroxyethylethylenediaminetriacetic
acid (HEDTA) > ethylenediaminetetraacetic acid (EDTA) >
CDTA.[?%] This is the same order as the dissociation rate of
their complexes with Cu and Zn2%! and the contribution of these
complexes to the DGT flux (F. Degryse, unpubl. data), which
indicates that there is at least a qualitative agreement between
the plant uptake fluxes and the DGT fluxes of Cu and Zn at low
free ion activities.
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tal results) for solutions with 40 mM NaNOj3 or 40 mM NaCl, as a function of
free Cd>* concentration. The free Cd>* (1 nM or 1 |LM) was identical with
both background salts, but the total Cd concentration was three-fold larger
in the NaCl treatment (where 68% of Cd is complexed with chloride). The
CdClﬁ’" complexes contribute fully (to the same extent as the free ion) to
the DGT-flux. For the plant uptake, however, the complexes only contribute
to the uptake flux at low Cd>* but not at high Cd** concentration, indicat-
ing that plant uptake is not limited by diffusion at the higher concentration.
(Results from ref. [84].)

Soil

Metal bioavailability to plants in soil has rarely been studied
mechanistically. The soil solution composition and speciation
of the metal must be known to model uptake with a mecha-
nistic approach, but there are practical complications involved
in determining the metal speciation in a soil solution. Isolation
of a soil solution in large amounts is tedious, and determining
the metal speciation usually poses analytical challenges. Most
of the analytical techniques suffer from insufficient sensitivity,
interferences, and/or disturbance of the solution equilibrium.!

If uptake is limited by diffusion, one might expect that plant
uptake would correlate well with DGT-measured concentrations,
as DGT effectively measures a diffusion-limited flux. Several
studies have correlated metal concentrations in plants to DGT-
measured concentrations and other metal concentrations in soil
(Table 3). In general, good correlations between metal concentra-
tions in plant and DGT-measured concentrations were observed,
with correlation coefficients above 0.8 in most cases and often
above 0.9. However, a strong correlation between plant uptake
and DGT fluxes does not in itself prove that plant uptake is
limited by diffusion, as will be elaborated below. In most studies
where such strong correlation was observed, the uptake also cor-
related strongly with soil solution concentrations (Table 3). This
is no surprise, as DGT and soil solution concentrations measured
in soils with wide-ranging properties (metal concentrations, pH,
etc.) usually co-vary strongly.

We compare (below) modelled and (as far as available) mea-
sured uptake by DGT and plants. The comparison is most
rigorous when both DGT and plant uptake are expressed as
an area-based flux. Expressing uptake fluxes on a root-surface
basis for plants grown in soil over an extended period of time
is not straightforward, as it requires knowledge of the shoot
and root concentrations as well as the relative growth rate, and
the specific root area.l¥ Often, this information is not avail-
able. For instance, in many studies, only the concentrations in
shoots of soil grown plants are measured. However, for some
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elements (e.g. Cu),[') the amount of element in the roots con-

tributes largely to the total amount in the plants, and the uptake
fluxes can, therefore, not be calculated without knowledge of
root concentrations. The more common approach is to relate the
metal concentrations in the plant shoot to the DGT-measured
concentration (¢pgt or cE).B’lS’”*ISJ

Fig. 10 shows theoretical relationships between plant uptake
and soil solution concentration or DGT-measured concentrations
for high affinity uptake (small (true) K1) or low affinity uptake
(high Kwm) The plant uptake flux was calculated with NST 3.0

Ref.
[15]
[16]
[17]
[18]
[18]
[3]
[73,74]
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Theoretical relationships between uptake flux by plants and soil solution concentration (left panels, log—log scale; inset: linear
scale) or DGT-measured concentration/flux (right panels; log—log scale), if (a) the plant’s demand is larger than the limiting diffusion
flux in the low concentration range; and (b) if uptake is not limited by diffusion. The arrows indicate how DGT and plant fluxes are
affected by the presence of labile complexes. The symbols give experimental results for Cd (closed symbols) and Zn (open symbols).
Cadmium uptake by spinach/®*! was determined at varying NaCl doses, at background Cd concentration or in soil amended with Cd-salt
(10mg Cdkg™"). Addition of NaCl, which results in increased solution Cd concentration because of chloride complexation, increased
both DGT and plant uptake at background Cd concentration, but in the Cd-amended soil, only the DGT flux increased in response to
the NaCl addition, in agreement with theoretical expectations. Zinc uptake by watercress (Lepidium sativum) and DGT concentrations
were determined for a range of soils sampled near galvanised structures.[!”) Calculations with NST3.0 (plant uptake): f = 0.22; 6 = 0.25;
Kg=200Lkg™'; p=15kgL™!; r=0.015cm; r = 14 days; D=5 x 107°cm? s~!; RGR = 0.2 day~!; Michaelis-Menten parameters for

(a) (true) Ky = 10 nM; Finax = 20 pmol cm~2h~!; for (b) Kv = 0.7 wM; Fnax =25 pmol cm~2h~!. To calculate the plant concentration, a

SRA 0f 2000 cm? g~
t=24h; D and Ky as in NST3.0.

experiments, only concentrations in shoots were measured. As
Cu translocation to shoots is restricted for most plant species,
plant uptake is difficult to evaluate without knowledge of the
root concentrations. A few studies have compared Cu tissue
concentrations with DGT-measured concentrations as well as
other potential predictors (e.g. total Cu, soil solution concen-
tration). While strong correlations between DGT and plant
concentrations in a range of soils have been reported for Cu
uptake by plants,!!>:1] Nolan et al.3! found that Cu concen-
trations in shoots of wheat were rather weakly correlated with
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root DW and a RWR of 0.4 was assumed. Calculations with DIFS (DGT): porosity = 0.55; Ag=0.094cm; 7, = 10s;

the DGT-measured concentrations and were, surprisingly, bet-
ter correlated with total Cu in soil. It was generally found that
Cu tissue concentrations and DGT-measured concentrations do
not increase in direct proportion: a 10-fold increase in DGT
concentration generally corresponded to a <10-fold increase
in plant concentrations (e.g. ref. [16]). This might suggest that
Cu uptake is not diffusion-limited in these (mostly) contam-
inated soils. We hypothesise that, as for Zn, uptake is only

diffusion-limited at low supply (e.g. uncontaminated soils at
high pH).
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Soil solution (Zngej) or DGT-measured concentrations as a function of total Zn concentration in

soil for a sandy loam soil (Woburn, pH(CaCl,) 6.4, 4.4% OC) that was amended with ZnCl, to varying
concentrations (details about soil treatment in ref. [89]) (a); Zn concentrations in shoot of wheat (Tricitum
aestivum) as a function of DGT-measured or porewater concentration (b). In the control (unamended) soil and
at the lower ZnCl, application rates, the porewater concentrations are much larger than the DGT-measured
concentrations, presumably because of the presence of Zn-bearing colloids, that do not contribute to the
DGT flux and neither to plant uptake. As a result, plant concentrations are better related to DGT-measured

concentrations than to porewater concentrations.

If the ‘true’ root absorbing power o (Fmax/KM,true) for an
element is low, plant uptake may be controlled by the plant’s
demand even in the low concentration range, because the poten-
tial internalisation rate is smaller than the potential diffusive
supply to the uptake sites (Fig. 10b). The actual uptake rate
then equals the physiological demand. In the lower concentration
range (¢ < Ki), plant uptake as well as DGT-fluxes are propor-
tional to the solution concentration. Consequently, the relation
between DGT and plant uptake is similar to that for the diffusion-
limited case (Fig. 10a). Comparison of the uptake flux and
diffusive flux may help in making the distinction. If the actual
uptake flux approaches the maximal diffusion flux, this points to
diffusion limitations.3!-38] However, given the uncertainties in
the estimate of the maximal diffusive flux to the plant (thickness
of diffusive boundary layer, active surface),?8! such compari-
son gives at best an indication. Assessment of the contribution
of'labile complexes to the uptake, may give more straightforward
proof whether uptake is limited by diffusion or not. If there is no
diffusion limitation, labile complexes (that are not taken up) will
not contribute to the plant uptake, but the uptake will be governed
by the free metal ion activity and the activity of competing ions
(e.g. Ca?t, Mg?*, HY; cf. BLM concept). Consequently, DGT
will wrongly predict that labile complexes contribute to uptake.
We did not find literature examples that support this case. How-
ever, we recently found that uptake of Ni (at 1 nM Ni*t) by
spinach in nutrient solution was not enhanced by addition of
labile complexes even in the low concentration range, and was
markedly decreased by Mg in solution (F. Degryse, unpubl.
data), which suggests that, at least in nutrient solution, uptake of
Ni is not limited by diffusion.

In summary, DGT and plant uptake are expected to increase
proportionally if uptake is limited by diffusion (high affin-
ity uptake, low concentration). In this case, labile complexes
increase both plant uptake and DGT fluxes. This is probably
the case for Cd in most soils and for Zn in the low concentra-
tion range (which corresponds to cpgT < 0.5 LM; see Fig. 10a).
We distinguish two cases where uptake is not limited by dif-
fusion: at high concentrations where plant uptake levels off
(Fig. 10a), or at low concentrations in the case of low affinity
uptake (Fig. 10b). If uptake is governed by the plant’s demand,

[92]
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the effect of competitive cations, which do not affect the DGT
flux, may be important, whereas labile complexes, which are
measured with DGT, will not contribute to the uptake. Inter-
pretation of the relationship between plant uptake and the DGT
measurement in terms of labile complexes is then inappropriate.

Although DGT-measured concentrations would have no
added value over soil solution concentrations from a mecha-
nistic point of view if plant uptake is not limited by diffusion,
the DGT technique has several advantages, which may still make
it a more suitable predictor of plant uptake, under non-diffusion
limited conditions, than soil solution concentrations. First, DGT
deployments are easy to perform and less time-consuming than
soil solution isolation. Second, soil solutions may contain signif-
icant amounts of metal as inert colloids or complexes, especially
at high pH,!! which are unlikely to contribute to plant uptake,
and bioavailability may hence be overestimated. DGT does not
measure these inert complexes or metal-bearing colloids.[®8]
Therefore, when these inert metal species are a significant
component of the soil solution, plant uptake will relate more
strongly to DGT-measured concentrations than to soil solution
concentrations even when diffusion-limiting conditions do not
apply. Fig. 11 illustrates this for a sandy loam soil (Woburn;
pH(CaCly) = 6.4, 4.4% OC), that was amended with ZnCl, to
varying concentrations.!®”] The DGT-measured concentrations
increased with increasing Zn addition, whereas the soil solu-
tion concentrations at the lowest Zn doses were nearly equal
to that in the unamended soil and were much larger than the
DGT-measured concentration, which suggested the presence of
colloidal Zn or inert Zn complexes in the soil solution (Fig. 11a).
The Zn concentrations in the shoot of wheat plants, grown
for 21 days on the soil, increased with increasing Zn dose,
and showed a strong positive correlation with DGT-measured
concentrations, but not with soil solution concentrations at the
lower Zn doses (Fig. 11b), which indicates that the (presumably)
colloidal Zn was unavailable to plants.

Metal toxicity

As discussed above, uptake is only limited by diffusion if the
root absorbing power is high and in the low concentration range
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Fig. 12. The use of DGT to predict Zn toxicity; aggregated dose—response curves for growth of wheat (7riticum aestivum) on

15 soils amended with ZnCl; at various rates (details about soil treatment in ref. [89]). The yield (relative to that in the unamended
soil) is plotted against total Zn concentration in soil, porewater concentration, or DGT-measured concentration. The horizontal
bars give the range of the ECs( values (concentration at which the yield is reduced by 50%); the numbers indicate the factor over
which the ECsg values range.®?! The data indicate that DGT is not superior to total Zn in soil to predict Zn toxicity.

(c < Km,app)- Under toxic conditions, uptake is most likely not
diffusion limited, thus justifying the use of the BLM to predict
metal toxicity. The use of the BLM requires information on the
free ion activity of the metal of concern as well as the solution
composition (pH, concentration of competing cations).

Zhao et al.?% assessed Cu toxicity to plant growth in 18
soils with wide-ranging properties. The DGT-measured concen-
trations narrowed down the intersoil variation in ECsy values
(concentration at which growth was 50% reduced) to a greater
extent than Cu?t activity or soil solution Cu. The ECsq values
based on Cu®* activity varied over five orders of magnitude
and correlated negatively with pH, which indicated a protec-
tive effect of Ht. The ECs¢ values based on soil solution Cu
varied 100-fold, whereas DGT-based ECsg values varied only
10-fold, because the ratio of cpgr to soil solution concentration,
R, decreased with decreasing pH. Also Zn toxicity to growth of
Sorghum vulgare was reasonably well predicted by DGT for soils
amended with three different Zn sources (ZnSOg4 or two differ-
ent Zn mine wastes).[gn The DGT-based ECjq values (reported
as cg) were around 800 uM, or around 60 uM when reported
as ¢pgr, for all three Zn sources. The CaCl, (0.01 M) based
ECjo values were even more tightly grouped for the three Zn
sources at ~180 uM in the 1:1 CaCl; extract, which indicates
that the improvements observed using DGT cannot be simply
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interpreted in terms of diffusional supply. Plant growth assays
with wheat in 12 soils amended with ZnCl, to varying Zn con-
centrations gave similar results.[°?] Growth of wheat started to
decrease when cpgt was above 30 wM or the soil solution con-
centration was above 100 wM (Fig. 12). However, there was a
considerable variation in soil solution- or DGT-based ECs( val-
ues between soils, even larger than the variation in ECsq values
based on total Zn in soil (Fig. 12). This indicates that, while
DGT or soil solution concentrations can reconcile differences
in toxicity of Zn sources of varying solubility (e.g. Zn salt v.
mine waste), they cannot completely account for the intersoil
variation in Zn toxicity. We hypothesise that this is a result of the
competitive (protective) effect of protons and competing cations
to bind at the membrane surface, which does not affect the DGT
flux, and that a BLM approach is, therefore, necessary to refine
the prediction of phytotoxicity.

DGCT for nutrient deficiency studies

There are at least 14 mineral elements that are essential for plant
growth: the ‘macronutrients’ N, P, K, Ca, Mg and S, and the
‘micronutrients’ Fe, Mn, Zn, Cu, B, Mo, Cl and Ni. Diffusion
limitations for uptake are likely to occur under nutrient deficient
conditions if internalisation is fast (cf. Fig. 10a). In that case, the
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Fig. 13. Theoretical relationship between DGT-measured concentration
or flux and (a) the uptake flux by plants (same parameters for calculations
as in Fig. 10a), and (b) the plant concentration and relative growth rate
(RGR) (Eqn 14), if a critical deficiency concentration in plant tissue of
0.25 mmol kg~! is assumed (typical value for Zn). It is predicted that the
growth will be reduced if cpgr is below 0.03 wM (cf. dotted vertical line).

rapid uptake by the plant will decrease the concentration near
the root surface, to induce a diffusive supply of the element to
the roots. The uptake flux will be determined by the rate of this
diffusive supply, and it can, therefore, be expected that DGT will
be a good predictor of plant availability and might, therefore,
serve as an indicator of nutrient deficiency for both cationic
micronutrients (Cu, Zn, Mn, Fe), and P and Mo (measured using
DGT devices with iron oxide instead of Chelex), even though
DGT does not consider the biotic response to nutrient deficiency,
such as increased root exudation.!?!

Fig. 13 illustrates the relationship between nutrient supply
and plant growth (hypothetical case for Zn). The uptake flux
follows an apparent Michaelis—Menten behaviour (diffusion lim-
ited at low concentration and saturation at high concentrations)
and is plotted against DGT flux or cpgt. At sufficient supply,
the flux is large enough to maintain the maximal relative growth
rate (RGRpax ), and the plant concentration will be proportional
to the uptake flux (Eqn 1). However, a minimal plant concen-
tration (Mp crit) is required for essential elements. As a result,
at low supply, the growth rate instead of the plant concentration
decreases with decreasing metal supply (Fig. 13), as becomes
clear when rearranging Eqn 1:

RWR x SRA
RGR = Fupt X ——M8M8M8M8—
Mpl,crit
. RGRnax
f F, Foit = Myl it X ———————— 14
IT Fypt < Lerit pl,crit X RWR x SRA (14)

Since plant uptake fluxes and DGT fluxes are correlated
under diffusion-limited conditions (cf. Fig. 7), the critical plant
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Fig. 14. Theoretical relationship between critical DGT concentrations for
deficiency (¢pGT,crit) and critical concentration in plant (typical values for
Cu, Zn and P indicated). The shaded area shows the expected range; the upper
line giving values for high growth rate and low root-to-shoot ratio, and the
lower line for low growth rate and high root-to-shoot ratio. If the DGT-
measured concentration in soil is larger than this critical value, no growth
reduction due to deficiency of this element is expected. Calculations were
made assuming that DGT fluxes are twice the plant uptake flux. This is a
normal factor if plant uptake is diffusion limited and DGT is deployed for 24 h
under saturated conditions (cf. Fig. 7). The plant uptake flux was converted
into plant concentration (Eqn 14), assuming a SRA of 3000 cm? g~! RDW,
and (for the upper line) a RGR of 0.25day~! and RWR of 0.2, or (for the
lower line) a RGR of 0.15 day~! and RWR of 0.5.

flux, Feit, will correspond to a critical DGT flux or DGT-
measured concentration (Fig. 14). It should, therefore, be possi-
ble to define critical DGT concentrations as indicators of nutrient
deficiency in soils. These critical DGT concentrations would of
course be plant-species specific, since critical plant concentra-
tions, maximal growth rate, root weight ratio and root surface
area depend on the plant species and on the plant growth stage,
but they would be almost independent of soil properties and
could thus provide an excellent indicator of nutrient deficiency
in soils. Fig. 14 gives the theoretical relationship between critical
plant concentrations and critical DGT concentrations. Assum-
ing critical plant concentrations of around 0.06 mmol Cukg™!
DW, 0.25mmol Znkg~' DW and 50 mmol Pkg~' DW,[*3! we
estimate critical values for cpgt of ~0.004, 0.02 and 3 uM for
Cu, Zn and P, respectively.

Fig. 15 shows theoretical relationships between nutrient sup-
ply and plant growth for phosphorus. The plant uptake flux was
calculated for different P concentrations and different realistic
buffer capacities!®* (K4 of 10, 100 or 1000 Lkg~") with the NST
model. The RGR was calculated from the calculated uptake flux
and the critical plant concentrations (Eqn 14). A maximal RGR
of 0.25 day~! was assumed. The calculated relative yield after
14 days of growth was plotted against total (labile) P concen-
trations in soil, soil solution concentrations or DGT-measured
concentrations (estimated with the DIFS model). These theoret-
ical curves are in good agreement with the experimental results
of Pypers et al.?* who measured P uptake and growth of pigeon
pea in response to P fertilisation in soils with different P sorp-
tion characteristics. They observed a 50% yield reduction at a
soil solution concentration of ~10 uM in strongly buffered soil
and at ~30 uM in weakly buffered soil. The calculations show
that DGT measurements indeed should narrow the difference
between soils: the P concentration at which a 50% reduction in
yield as a result of P deficiency was predicted differed 29-fold
between scenarios (small or large K4q) when expressed as total
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Calculated relationships between plant yield and phosphorus in soil for different degrees of buffering (expressed by Ky (in Lkg™!): ratio of

(labile) P in soil and P in soil solution) if no other elements than P are limiting growth. The P concentration in soil is expressed as (a) total (labile) P in soil;
(b) P in soil solution; or (c) the DGT-measured concentration. The horizontal bar gives the range at which the yield is 50% reduced because of P defi-
ciency; the number indicates the factor over which these concentrations range. Calculations with NST 3.0 (plant uptake): f =0.22; § =0.25; p=1.5kgL™!;
r=0.015cm; t =14 days; D=5.3 x 10~ cm?s~!; RGR=0.25 day’l; and Fax/Km > 5 x 1074 cms™! (zero sink uptake). The RGR was estimated from
Eqn 14, assuming values of 0.4 for RWR, 2000 cm? g~! RDW for SRA and 50 mmol kg~! DW for the critical plant concentration. Relative yield was cal-
culated as exp((RGR — RGRnax )f), with £ = 14 days and RGRyax = 0.25 day~!. Calculations with DIFS (DGT): porosity = 0.55; Ag =0.094 cm; T, = 10s;

and t =24h.

P in soil, 3.4-fold when expressed as soil solution concentration
and only 1.4-fold when expressed as DGT concentration. The
calculations indicate a critical cpgr, above which no growth
reduction is predicted, of ~5 uM.

While the use of DGT as an indicator of deficiency has not
yet been assessed for micronutrients, experimental evidence that
DGT may indeed be a good predictor for P deficiency has been
obtained. Menzies et al.[73] tested the yield response of tomato to
the addition of P fertilizer for 24 soils in a glasshouse experiment.
The DGT-measured concentration provided an excellent separa-
tion of soils on which tomato showed a yield response from the
soils with no response. A critical value of 2.14 g P per sampler
was derived (24 h deployment, 0.8 mm hydrogel), which corre-
sponds to cpgt of ~4 wM. The DGT method also well predicted
responsiveness of wheat to liquid P fertilisers, with a critical
cpeT of ~1.2 WM (cg ~16 uM), for a range of acidic and neu-
tral soils.’”*! Similarly, the DGT method well predicted wheat
responsiveness to applied P in a growth cabinet experiment, with
a critical cpgt of ~1 uM (S. Mason, R. Hamon, J. Anderson
and H. Zhang, unpubl. data). The absolute value of the response
(yield in the P-amended soil relative to that in the control soil)
should be interpreted with some caution since these studies used
a single P application rate and the maximal yield may not have
been reached, but these experiments allowed responsive and
non-responsive soils to be distinguished. All three studies point
to a critical cpgt (below which P deficiency is expected) of
1-5 WM. These experimentally derived critical values of cpgr
are in good agreement with the theoretically predicted value
(Fig. 14). Comparison of these experimental studies suggests
that wheat has a lower external P requirement than tomato. This
was also observed by Fohse et al.[>] who found that the critical
P concentration in soil solution was ~6 uM for tomato and only
1.4 wM for wheat. They explained the lower P requirement for
wheat by the higher root-to-shoot ratio (cf. Eqn 14; high RWR).

Critical DGT values may not only depend on plant species,
but also on growth conditions. The DGT measurements are
normally performed on saturated soils. During plant growth,
however, the moisture content varies, and depends strongly on
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the growth conditions. The moisture is in general lower under
field conditions than for plants grown under laboratory condi-
tions in a growth cabinet or glasshouse. Uptake of metals®®] or
phosphorus!®”! decreases with decreasing moisture content. It
is, therefore, to be expected that — for the same plant species —
the critical DGT concentration will be smaller for plants grown
under field conditions than under laboratory conditions. To our
knowledge, there is only one study that assessed the critical
DGT concentration for the P deficiency of plants grown under
field conditions.®81 A critical cpgt of ~3.2 wM, above which no
response of wheat to P application was observed in field trials,
was derived, whereas the critical cpg for the same plant species
under laboratory conditions was ~1.2 uM,!74 which supports
our hypothesis of lower critical DGT concentrations for field
conditions.

Conclusions

To some extent, the DGT technique mimics the action of plants if
plant uptake is limited by diffusion, and might, therefore, serve as
a predictor of plant uptake and availability. Several studies have
observed a strong correlation between DGT-measured concen-
trations and metal uptake by plants, but a strong correlation does
not necessarily prove that plant uptake is limited by diffusion.
For example, strong correlations have been observed between
DGT flux and Zn uptake by plants, even in the range where
Zn uptake is most likely not limited by diffusion. Especially in
the toxicity range, it is unlikely that metal uptake is limited by
diffusion, and therefore, in terms of diffusional mimicry, DGT
would not be expected to be a better predictor of toxicity than
the soil solution concentration. However, DGT’s exclusion of
(inert) colloidal species and its ease of operation may still give
it an advantage over soil solution concentration as indicator of
availability.

Plant uptake is likely limited by diffusion for several trace
elements and for phosphorus in the low concentration range. In
this case, the DGT technique is expected to perform better as a
predictor of plant availability than other indicators, such as the
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concentration in soil solution or in a dilute salt extract. With the
DGT technique, the contribution of labile complexes in solution
to the diffusion flux and the buffering by the solid-phase pool is
taken into account.

Apart from the pragmatic use of DGT as a predictor of plant
uptake, the DGT technique may also provide additional insights
into the physicochemical aspects of plant—soil interactions, and
assist in obtaining experimental data to further expand models
for plant uptake of mineral elements. For example, the dissocia-
tion kinetics of complexes in solution and the desorption kinetics
of solid-phase species are as yet not considered in plant uptake
models. While expansion of the models to include these pro-
cesses is certainly feasible, obtaining reliable input parameters
(desorption and dissociation rate constants) for relevant condi-
tions will pose a greater challenge, and the DGT technique can
certainly be helpful in this regard.

Glossary

(commonly used units in parentheses)

0, bulk density, mass of dry soil per unit (bulk) volume (kg L~!)

3, thickness of the diffusion layer (cm)

0, volumetric moisture content

Q(app)» (apparent) root absorbing power (cm s7h

Ag, diffusive layer thickness within the DGT device (cm)

BLM, Biotic Ligand Model

¢, solution concentration (LM)

cpat, DGT-measured concentration = time-averaged concentra-
tion of DGT-labile species at the soil (or solution)-DGT
interface (WM)

cE, effective concentration (M)

CF, concentration factor, ratio of plant concentration to solution
concentration (Lkg™")

D, diffusion coefficient in water (cm? s~!)

£, tortuosity or impedance factor

FIAM, free ion activity model

Fpgr, time-averaged DGT-measured flux (pmol cm—2 hh

Fnax, maximal uptake flux (pmol cm~2h~!)

Fypt, time-averaged plant uptake flux (pmolcm=2h~1)

Ky, solid—liquid distribution coefficient (L kg™ 1 ), ratio of (labile)
concentration on solid phase and solution concentration

K, (true) Michaelis—Menten constant (M)

Kwm,app, apparent Michaelis—Menten constant (jLM)

R, ratio of DGT measured concentration (¢pgr) to total solution
concentration

r, root radius (cm)

RGR, relative growth rate (day~!)

RWR, relative weight of root

s, solid phase concentration (mmolkg~")

SRA, specific root area (cm® g~ 1)

t, deployment time for DGT or plant uptake period (days)

T, response time of adsorption—desorption process (s)
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