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Abstract. Understanding metal bioavailability of plants in soils with observed effects data. In general, such coupling should
requires, apart from physiological processes and symbiosipreferably be based on field observations. Often, however, the
with arbuscular mycorrhizal fungi, the consideration of theinterpretation of such data is problematic due to a variety of
chemical availability in the soil solution (the intensity of the reasons. Among others, it is usually difficult to deduce causal
toxic exposure) and the soil's capacity to supply the metakelationships, and variation in the dataset that exists as a
(capacity). In this contribution we report on the time-dependentonsequence of the many external field-related factors is often
accumulation of As, Cd, Cr, Cu, Ni, Pb, and Zn in lettuce difficult to qualify, let alone quantify. Therefore, bioassays are
(Lactuca satival.). Bioassays with 17 Dutch field soils and often used instead to mimic exposure and induce effects, in
two artificially metal-contaminated soils were carried out. Phy-general using standardized laboratory conditions in which the
totoxicity was observed in soils with pH (pore watert.8.  impact of external factors, like temperature and humidity, is
Metal uptake is shown to be both metal- and soil-dependenininimized.
and strongly depends on the amount of water the plant tran- Problems in the use of bioassays usually arise with regard to
spired and the available concentration in the water. No nethe extrapolation of laboratory data to realistic field circum-
accumulation of As, Pb, Ni, and especially Cr was observed irstances. This is associated with differences in exposure and
most soils tested. The latter observation is in agreement witlactual uptake between laboratory and field settings. It is the
findings of Zayedet al. (Planta 1998 206:293-299), who issue of bioavailability that plays a key role in this respect. As
reported that translocation of Cr from roots to shoots is exindicated by Posthumat al. (1998), “bioavailability” should
tremely limited. Internal Cd levels in the plants varied greatlybe handled as a dynamic process, Comprising at least two
among soils, whereas plant tissue concentrations of Zn angistinct and different phases: a physicochemically driven de-
especially Cu appear to be regulated at more or less fixedorption process and a physiologically driven uptake process.
levels. The 0.01 M CaGlextractable metal pool provides the The first aspect was defined as “environmental availability,”
best descriptor for the capacity of the soil to supply Cd and Zngnd the second as “environmental bioavailability.” The latter
This enabled the development of models that are suited tgequires the identification of specific biotic species as endpoint.
predict Zn and Cd uptake by lettuce in both field soils (weath-j js ysually assumed that uptake by soil-inhabiting animals is
ered soils) and soils to which metal salts were added, which igoverned mainly by transport via pore water (see, for instance,
common practice in tox@city testi_ng o_f chemicals._ It is con- Spurgeon and Hopkin 1996). Due to their complex physico-
cluded that of all metals included in this study, Cd is the metalshemical behavior, evidence of pore water—related uptake is at
of most concern due to bioaccumulation through the son-plant-presem only circumstantial for metals.
animal food chain as Cd is the only metal that might pose sl organisms potentially have different uptake routes, and
human or animal health risks at plant tissue concentrations thage predominance of each route for a species probably depends
are not directly phytotoxic. Finally, application of the models pimarily on its building plan, as reflected in the morphology of
for risk assessment purposes is discussed. the organisms. Weak-bodied animal species for instance gen-
erally show a high proportion of uptake through skin transport,
whereas hard-bodied species are predominantly exposed via
uptake through the gut wall.
There is increasing awareness that chemical criteria that are Peijnenburget al. (1997) provided guidance to necessary
based on total concentrations in soil are not directly associategomponents of risk assessment procedures that take bioavail-
to effects of chemicals. Accurate risk assessment of contam@bility explicitly into account. Among others, a framework was
nated soils must couple available contaminant concentrationgresented that, because the issue of availability is explicitly
addressed, should yield validated procedures that are predictive

of effects in systems that have not been biologically tested.
Various uptake routes in different soil biota are to be taken into
Correspondence taw. Peijnenburg account in the concept of bioavailability. It is necessary to
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quantify the relevant uptake mechanisms and kinetics of difis the decrease of internal metal concentrations that takes place
ferent species and to assess whether a limited number @fs a consequence of growth of the juvenile plants, in contrast to
generally valid uptake and internal transport processes can lige limited growth of adult oligochaetes used in the studies
associated to various groups of chemical compounds. Eventunentioned above.
ally, it is mostly the concentration at the target site that counts, To establish the main objectives of this study, the relation-
as this is directly related with (organ-)effect levels. ships between accumulated plant tissue concentrations of As,

Earlier work from this laboratory focused on quantifying Cd, Cr, Cu, Ni, Pb, and Zn and the soil metal pools was
environmental availability and bioavailability of metals for two assessed, taking the impact of the most relevant soil and pore
oligochaete specie&€fchytraeus crypticufPeijnenburget al. water characteristics (like pH, DOC, OM, etc.) into account.
1999a] anckEisenia andre[Jansseret al. 1997; Peijnenburgt  Metal pools considered were soil total metal content (HNO
al. 1999h]). It was found that these soft-bodied invertebratedigestion), pore water metal content, the soluble metal pool
species are exposed either directly via the pore water or via afCaCl, extraction), and the calculated free metal activity in the
exposure route that is linked to the pore water. To investigat@ore water. Uptake experiments were carried out with a set of
whether these findings can be extended to a variety of divergt9 well-characterized metal-contaminated Dutch field soils.
ing species, the current work focused on a nonmobile group ofwo soils were included in this test set that had artificially
species with a different building plan: plants. Here, the resultlevated metal levels, to study the impact of metal added to the
of a dynamic study on metal uptake by lettutadtuca sativa  soil (as is commonly done in toxicity testing) on metal bio-
L.) are reported. Lettuce is one of the biological species recavailability to lettuce. Several extraction techniques are avail-
ommended for soil toxicity testing by the OECD (1984). It able for the purpose of simulating the soluble metal pool, like
accumulates metals at relatively high internal levels, given itamild neutral salt extractions, extractions with complexing
efficiency of root uptake and subsequent translocation withiragents, etc. It turned out that results of most mild extractions
the roots and the shoots, whereas it is stated by Gataaé across a wide range of soils are correlated, so only one mild
(1993) that modulation of the rhizosphere by lettuce is limited.extraction method was selected in this study. A correlation
These authors, however, did not take interactions with arbusamong mild extractions can also be deduced from an extensive
cular mycorrizal fungi into account. As illustrated by Hilde- evaluation of extraction media, as carried out by Gupta and
brandtet al. (1999), this symbiosis is of importance for nutrient Aten (1993). Dry weight of the above-ground tissues of the
transfer to the plants, though it takes about 3 weeks before it iplants and the metal concentrations in these tissues were de-
fully effective. Plant elemental uptake is, apart from the plants’termined in the laboratory at preset time intervals.
uptake systems and species specific (cultivar, ecotype) de- Although there is a wealth of data on metal uptake by lettuce,
mands, controlled by chemical availability in the soil solution to our knowledge the impact of the soil and/or pore water
as well as the capacity of the soil to supply that element (Lauriccomposition on metal bioavailability to lettuce has never been
and Manthey 1994). Most plant tissues will accumulate manysystematically investigated across a wide range of field soils
times the amount of metal available in the soil solution at anywith varying composition. It should be noted that, as indicated
given moment. Effectively, the soil solution is “emptied” and above, several plant-related factors may bias internal levels of
replenished many times within even a single day (Bouldinthe metals studied. These factors include (among others) inter-
1989). So plant metal uptake in this case is not only dependergctions with arbuscular mycorrhizal fungi, specific ion uptake
on the environmental availability of the metal in the soil systems for essential metals, additional stress related to the
solution {ntensity and the particularities of that plant’s uptake transfer of the plants from a nutrient solution to soils with
mechanisms but also on the soils’ capacity to supply thatlearly differing soil composition, and metal gradients between
particular elementdapacity, which includes the kinetics of young and old leaves (McKenret al. 1993). Given the main
metal supply. In addition, when studying uptake of elements byaim of quantifying the modulation of metal uptake by lettuce
plants it should be taken into account that it is necessary tdi.e., quantifying the chemical demand of specific metals by
distinguish between essential and nonessential elements. Sgettuce), these factors were either indirectly taken into account
cific ion-uptake systems with high and low affinity for essential (like interactions with arbuscular mycorrhizal fungi and addi-
elements as well as feedback mechanisms related to the needt@nal stress due to transfer) or considered to be constant (like
the plants for essential elements, have recently been reviewdtle existence of metal gradients between leaves of different age
by Guerinot (2000). In the study reported here, the aspects @nd the presence of specific ion uptake systems).
supply and demand and physiological feed back mechanisms
were indirectly taken into account.

Materials and Methods

Objectives Soil Selection

ahe 19 Dutch field soils used in this study constitute a subset of a set

The main objectives of the study reported here were to expan
) yrep P E49 soils collected at both moderately contaminated sites, and sites

the database on metal uptake in field soils by species assum% pected to contain metals at background levels (De Gebcal.

to be exposed via the pore water or a related exposure route arié98). The set of 49 soils contains a wide range of soil properties,
to quantify the modulation of metal uptake as a function of the;aracteristic for The Netherlands. Principal component analysis
relevant metal pools and soil characteristics. Lettuce was sqpcA) was used to select a subset of soils that is representative for the
lected because its uptake characteristics differ considerablyhole dataset. Geladi and Kowalski (1986) provide details of the PCA
from the animal species tested before. Important in this respectethod. Seventeen soils were selected with the aim of spanning as far



422 W. Peijnenburget al.

as possible the space covered by the two principal components in Bata Analysis
PCA score plot. Two additional soils, one of which was OECD

artlflcu_al_ soil medl_um (OECD 1984), were selepted t_o study the ImpaCtl\/lodeling Growth and Metal UptakePlants grew considerably during
of addition of a mixture of metal salts to the soil (as is commonly done . .
. . . ) S . the experiments. Growth and water-driven uptake were modeled fol-
in toxicity testing) on metal bioavailability tb. satival. . ; . N -
lowing current methodologies, in combination yielding a parameter
that quantifies true uptaké) as follows. First, growth was described
by means of a growth model that fitted well to the data collected.
Soil and Pore Water Treatment Second, uptake was envisaged as a passive process related to the
amount of water transpired. Linking internal metal levels in the plants
to the growth model yieldeH,, a characteristic parameter for uptake.

Details on soil codes, sample sites, soil collection, soil treatment, To describe the growth of the plants, the Von Bertalanffy growth

chemical gnalyses, soil charactenz_atl_c)n, pore water COHeCt.'On' met%odel was applied, from Snellet al. (1999). Although this model is
concentrations, and chemical speciation calculations are given in De

) L tsually selected to describe growth in animals, it provided a satisfac-
Grootet al. (1998). The soil characteristics as well as metal contam-, ) . . ;
e . - : tory fit to the current data. The model is based on the consideration that
ination levels differ strongly, and variability among soils was large for

. . e resources for growth are the difference between the uptake of re-
the most relevant factors influencing metal partitioning and uptake, a3 ources (related to the organism’s surface area) and the costs for
was aimed at in the sampling procedure. OECD artificial soil mediummaintenance (related to the organism’s volume):

(soil code X) was prepared according to the OECD protocol (OECD '
1984). An aqueous solution of a mixture of metal salts was added to
this soil and to the soil encoded AQ. Sample AR was taken at the same dv(
site as soil AQ, but no metals were added to sample AR. The soils X dt
and AQ were allowed to equilibrate for at least 3 months at 4°C. CaCl
extraction was carried out for a limited number of soils following
35-day exposure of the plants.

= aV?&(t) — bV(t) (1)

In this equationy is the organism’s volume (fnanda andb are the
parameters related to uptake and maintenance, respectivelyayn*
and day Y). The general solution to this model is:

. . _ a a 1/3 —1/3bt :
Cultivation and Exposure of Plants VO =g\~ Vo) e 2

All experiments were carried out in a climate room with constant This leads to an S-shaped curve with a maximum volume:
temperature (20+ 3°C), a day/night regime of 16/8 h and a light
intensity of 3,000 lux. Relative humidity was about 65%. Plahts ( a\?®
sativavar. longifolia) were cultivated for about 14 days in a Steiner Ve = (5)
nutrient solution (Steiner 1961), using perlite as inert support medium.
Plastic jars (250 ml) were filled with about 250 g of soil set at pF 2 When there is a constant relationship between volume and weight (
humidity by addition of 0.002 M Ca(Ng),, and acclimated for at least a constant bulk density), the same model can be applied to describe the
24 h. After 14 days of cultivation, three randomly selected plants werechange of the organism’s weight in time.
transferred to each jar. The weight of the jars was kept constant by For neutral organic xenobiotics, it is generally assumed that plant
daily addition of distilled water. After 1, 3, 7, 10, 14, 21, 28, and 35 uptake is a passive process, leading to a model formulation where
days of exposure, all shoot material within one jee.( three plants)  uptake is related to the chemical’s concentration in pore water and the
was harvested, rinsed with demineralized water, blotted between papémnspiration stream of the plant (Trapp and Matthies 1995). The
towels, weighed (wet weight), dried at 70°C for at least 24 h, weighedremoval processes in the plant include volatilization from the leaves,
(dry weight), ground, and used for analyses of metal contents. Ametabolism, and growth (not a true removal process, but the effect is
similar procedure was carried out for plants that were not exposed tgimilar on a concentration basis). This description of accumulation is
any of the soils, and hence were sampled directly from the nutrienessentially different from the uptake ie,g, earthworms, where a
solution ¢ = 0). concentration gradient drives uptake. Naturally, the accumulation of
metals is modified by far more factors, for instance, regulation, mem-
brane properties, root exudates, and incorporation into organic mole-
. . . cules. However, for the modeling procedure and as zero hypothesis we
Digestions and Analyses of Plant Material will assume that passive uptake with the transpiration stream is the
dominant process. If metals are taken up passively by the plants, the
Dried plant tissue (three plants) was weighed into destruction tubesate of uptake only depends on the amount of water the plant transpires
Five milliliter of MilliQ water, 10 ml concentrated nitric acid, and 0.2 and the available concentration in the water. Growth will be the only
ml concentrated HF were added to each tube. The plants were deemoval process as volatilization and metabolism are not relevant for
stroyed in a microwave oven for 60 min at a constant temperature ofhe metals of interest.
185°C. The destruate was quantitatively transferred into a 50-ml When external conditions like temperature and humidity are kept
volumetric flask. Metal concentrations in the digests were measuredonstant (as in this study), the amount of water transpired is related to
for As, Cd, Cr, Ni, and Pb with graphite furnace AAS (Perkin Elmer- the growth of the plant. The plant needs to open its stomata to obtain
5100 PC with Zeeman background correction). Zn and Cu wereCO, from the air, but at the same time water is lost through this
analyzed by flame AAS (AAnalyst Perkin Elmer with deuterium pathway. A minor amount of water is lost through the cuticles, inde-
background correction). Metal concentrations in the plant tissue wer@endent of the stomata. When the transpiration stream is responsible
expressed on a mmelkg~* dry weight basis. Blanks and reference for the accumulation, the uptake flux of the metal is linearly related to
materials (tomato leaves [U.S. Department of Commerce, Nationathe growth rate. In other words, for each kg of dry matter increase, a
Institute of Standards and Technology, Gaithersburg, MD, referenceertain amount of CQis required, whereby a certain amount of water
material 1573a], and Virginia tobacco leaves [Polish Academy ofis transpired (the so-called water use efficiency, WUE), leading to
Sciences and Institute of Nuclear Chemistry and Technology, Warsawyptake of a certain amount of metal. The WUE differs between plants
Poland, code: CTA-VTL-2]) were digested simultaneously. but is approximately 800 L kg 'DW for green vegetables (Flindt

©)
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1988) (although this value may be influenced by factors such ade distinguished. The soils are distributed over the score plot,

nutrition, stress, and CQevels). In equation form this leads to: which is a reflection of variation of the soil characteristics
among sites according to the criteria used for the selection of

dA® _ . \wue.E.. SO (@)  the sampling sites. The soils U and AH do not fall within the

dt " toodt 95% confidence interval. This is due to their high organic

with A = amount of metal in plant (mol\W = weight of plant (kg matter co_ntent. A subset of _17 soils was selected with the aim
DW), t = time (days),C,, = concentration in water (mol L%, of spanning as far as possible the space covered by the two
WUE = amount of transpiration per kg DW produced-(kg~* DW], principal components in the score plot. Soils X (OECD artifi-
F, = concentration ratio between pore water and xylen. ( cial medium) and AQ were added to this set to reach a total of
As we assumed a constant bulk density and since the parar@gfers 19 soils.
WUE, andF, are assumed constant, the amount of metal in the plant The metal concentrations in the soil solid phase, the pore
follows a Von Bertalanffy curve similar to the volume of the plant. The \water, and the 0.01 M Cagéxtracts, as well as the pH of the
shape will be similar to the growth curve but the three “constants” will yore water are given in Table 1. Additional information on the
modify its position. Fitting Equation 2 (in its log-transformed mode) to composition of the soils can be found in De Greoal. (1998).

the log-transformed growth data (dry weights of the plant tissues\/\/hen interpreting the relationships between metal levels in

yielded the characteristic values af(g - day %), b (day %), andV, | : I | : it shoul

(9), which were used as constants to fit the following model to thePlant tissue and external meta ,Concemrat'ons’ it should be

experimentally determined amount of metal in the plant: noted that pore water concentrations of Cd and Zn are corre-
lated to Cd and Zn levels in the Cg@ixtracts. The correlations

a (a N ]’ are given in Table 2. No significant correlations were found for
Log(A(t) = '-09( Ky [5 - <5 Vo )e ] — ke Vot AO) the other metals studied.

(®)

A, is the total amount of metal present in the plant at the start of theB
uptake experimeny/, represents the weight of the plants at the start
of the experiment, anld, represents the amount of metal taken up by
the plant per kg of DW produced (mokg~* DW). k, is the (soil-and ~ Abnormalities with regard to growth of the plants and apparent
pore water—dependent) parameter that is characteristic for the linkdverse effects of soil characteristics on lettuce were observed
between actual metal uptake and metal bioavailability among soilsin 3 out of the 19 soils tested. Plants grown in soil M turned
and it is the parameter used for further modeling. Provided that thgellow in the first few days of cultivation and then slowly
amount of metal present in the plant at the start of the experinde)t (  wilted. Similar observations were made for soil AC (actually,
is small as compared to the amount of metal present at eq”i”b”u”liecreasing dry weights of the shoot material was observed),
(ky - Vi), k may be considered representative for the steady-statgparaag plants cultivated in soil AE died within the first few
metal concentration in the plant. .
days of exposure. Inspection of Table 1 suggests that the pH of
Relating Uptake to Soil and Pore Water Characteristigsnpirical ~ the pore water may be used to discriminate between soils in
formulas were derived to investigate whether the variation expected ifvhich adverse effects on lettuce are observable, and soils for
k, values for the test set of 19 soils was statistically associated to thevhich this is not the case. Tentatively, a critical pH value of
influence of metal pools, soil characteristics, or both. Stepwise regresabout 4.7 can be set for this purpose. As bioavailability can
sion was used to identify the crucial characteristics explaining most Obnly be guantified among soils if plants do equally well, soils
the variation irk,. The impact of the most relevant soil and pore water \j, AC, and AE were classified as being not useful for quan-
characteristics (like pH, DOC, OM, etc.) was explicitly taken into tifying metal uptake and hence were not included in further
account in the regression procedures. The multivariate functions takaata analyses.
the form: Table 3 shows the results of fitting Equation 2 (in its log-
Log(k,) = a Log(A) + b Log(B) + . . . ©) transformed form) to the_ growth data obtaine_d. In general, the
model could be fitted quite well to the data, with values §ij
with A andB = descriptorsj.e., different soil and pore water char- > 0.84 for all soils. A typical growth curve is given in Figure
acteristics and the soil and pore water metal pools;any andc = 2.
coefficients. The significant descriptors are arranged in decreasing
order of importance A, B, and so forth). Descriptors that do not
explain a significant part of the variation ¢ 0.05) are not incorpo-
rated in the formulas. Metal pools considered were soil total metaBioassays—Metal Uptake Characteristics
content (HNQ digestion), pore water metal content, the soluble metal
pOOI (CaC£ eXtraCtiOn), and the calculated free metal aCtiVity in the Detalled |nformat|on on |nternal metal Ievels |n plants exposed
pore water. Note that spatistical association does not necessarily imply, the soils employed in this study is available on request. As
a mechanistic explanation. an illustration of typical uptake patterns observed, the time-
dependent accumulation of As, Cd, Cu, and Ni (no accumula-
tion) in soil S is given in Figure 3. The values af b, andV,
given in Table 3 were used as constants for fitting the modified
Von Bertalanffy model (Equation 5) to the total amount of
Selection and Characterization of Soils metal accumulated in the plant tissue over time. The resulting
values ofk, are given in Table 4for each of the metals
The scores of the soils for the first two principal componentsconsidered. Again, the model could be fitted quite well to the
are shown in Figure 1. Some clustering of the soil samples cadata.

ioassays—General Observations

Results
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Fig. 1. Principal component (PC) score plot of
the soils sampled. The ellipsoid indicates the
T T T T T T T T T T T T T T 95% confidence interval. See De Graattal.
-6 4 2 0 2 4 6 8 (1998) for soil codes and soil characteristics. The
codes marked in bold represent the subset of 19
PC 1(47%) soils selected in this study

In most soils tested, there was no accumulation of Ni andmpact of Metal Pools and Soil and Pore Water
especially Cr. Due to growth dilution, plant tissue concentra-Characteristics on Metal Uptake
tions of Cr and Ni in most soils decreased with increasing

exposure times. The total amount of metal in the plant, howgnsidering the experimentally determined soil and pore water

ever, remained constant. The sole exceptions to this genergharacteristics and the results of the metal extractions carried
observation were soils S and AR in case of Cr, and soils AHy ¢ for the soils included in the test, there was no means of

AQ, and AR in case of Ni. Significant accumulation of As and giscriminating soils in which accumulation of As, Cr, Ni, and

Pb was observed in six and eight soils, respectively. It shoulcﬁb did take place from those in which there was no metal

?e note(tal tlhat rat?er w(rjegl:tlar gpt?kg patter?sl \INerel fobur;d fotrha | ptake by the plants. Therefore it may be deduced from Table
our metals mentioned, olten inciuding metal Ieve's below the, -y, especially for As, Cr, and Ni there is little variance

analytical detection limit. This is reflected in the relatively low among the experimentally determinéd values. Given the

values of R reported for these metals in Table 4. limited datasets for uptake of As, Cr, Ni, and Pb and given

Cd, _Cu, and Zn were gccumulated in the plants in 6.‘" 16 sl hese findings, it was decided to further restrict data analysis to
for which no abnormalities were observed. Marked dlfferencescd Cu. and Zn

amongk, values were found for these three metals: The range . . .
of k, values was greatest for Cd (maximum difference of over As suggest(_ad above, active regulation of Zn and especially
2.7 orders of magnitude), followed by Zn (maximum difference Cu may have |mpacteq the valugs fouqd for these metals. As
of 1.7 orders of magnitude). Finally, despite the wide range of consequence of actlvg regulation of internal metallleveI.S, the
soil and pore water characteristics of the soils included in thdnk Petween the experimental values lof as determined in
test setk, values for Cu are fairly constant among all soils this study and external metal pools or soil and pore water
tested (maximum difference of 0.9 orders of magnitude). Thes&haracteristics is expected to be weak. Partly due to the limited
findings may well be related to regulation of internal levels of variance in the experimentél, values for Cu, no significant
the essential elements Zn and especially Cu in the shoot maglationship was found betwedn values and any of the metal
terial. pools or the soil and pore water characteristics considered.
CaCl, extraction (0.01 M) was carried out after completion ~ The range ofk, values found for Zn was intermediate the
of the uptake experiments to deduce whether metal uptake pianges found for Cu and Cd. As stated above, it cannot be
the p|ants m|ght have impacted the eas”y exchangeab|e metgP(CludEd that thkx values found for the essential element Zn
pools. One of the reasons for selecting this particular extractio@re impacted by regulation. It was nevertheless attempted to
technique was the close relationship that exists between,CaClcorrelate experimenté, values for Zn to external metal pools
extractable metal levels and pore water concentrations (Zn/Cdnd a number of soil and pore water characteristics. The
see above). It was found that in general no significant change®lationship between the experimentally determikgdalues
were detectable between 0.01 M Ca€ktractable metal levels in the 16 soils and the soil metal pools was assessed for Cd and
at the start and at the end of the experimental period. Also, pHn as a multivariate function of the measured soil and pore
and conductivity of the samples remained constant (data navater characteristics. Given the potential dependence of metal
shown). uptake by plants on bioavailable metal pools that take the
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Table 2. Relationship between (log-transformed) pore water concentrations of Cd and Zn and (log-transformed) 0.01-bkCa@able Cd
and Zn contents for the soils included in the test set

Log [ZN]sore water= —0.75+ 0.94 Log [Znkac,, R.q = 0.848, n= 18, F= 95.5, p< 0.001
Log [Cd]ore water= —21.07 + 0.82 Log [Cd}4c, Radj2 = 0.700, n= 19, F= 43.1, p< 0.001
Table 3. Growth characteristics for lettuce plants grown in 19 Soil S

Dutch field soils

Site a(g-day’) b(day’) Vo(g) (@b)’(@ F . °

C 0.08 0.07 0.02 131 0.97 g

E 0.10 0.09 0.04 1.40 098 ¢

J 0.11 0.14 0.03 0.42 0.94 .%

M 0.16 0.33 0.03 0.11 0.89 = -1

N 0.10 0.13 0.03 0.45 093 2

(0] 0.08 0.05 0.03 3.70 0.98 g

P 0.09 0.10 0.03 0.80 095 §

S 0.12 0.08 0.03 3.45 0.99

w 0.18 0.16 0.03 1.43 0.99 2 : : ,

X 0.07 0.05 0.03 2.78 0.94 0 10 20 30

AA  0.15 0.09 0.10 4.74 0.98

AC Decreasing dry weights shoot material Time (days)

AE Plants died within first days of exposure

AH 0.12 0.06 0.04 10.02 0.95 Fig. 2. Typical example of a growth curve far satival., as observed
AK 0.10 0.02 0.02 240.16 1.00 " for soil S. The dry weight is the average dry weight of three plants.
AQ 0.26 0.34 0.04 0.47 0.97  Bars indicated standard errors

AR 0.15 0.05 0.10 22.85 0.98

AT 0.14 0.05 0.04 21.59 0.98

AU 0.09 0.01 0.05 269.50 0.96

either the plant root acts as an effective barrier for these metals
or the low solubility and strong retention of these metals in soil
prohibit uptake due to low bioavailable concentrations in the
soil solution of the soils studied.

Plant tissue concentrations of Cd vary by about 2.7 orders of
. o . ) ) magnitude and are linked to external metal pools, whereas the
environmental a}vanablllty (intensity) and the soils’ capacity 10 plants apparently were capable of regulating their internal Cu
supply metals into account, the data analyses were at firglocentrations at a fairly constant level. As a consequence,
restricted to developing monovariate relationships betigen here is no link between internal Cu concentrations and either
values and the metal pools considered in this study. The resultc%y of the Cu pools in the soils, or any of the soil and pore

of these analyses arefgiven in ITabIe 5.  the vari - pvater characteristics considered. Saetel (1996) reported
As can be deduced from Table 5, most of the variance in thes,, tissye concentrations in lettuce after exposure in eight

data could be explained on the basis of the simulated metal pool§, +aminated soils from urban areas. The Cu levels found by
The highest values of 3 (0.76 and 0.81 for Cd and Zn, respec- g veet al (1996) correspond well with the levels reported in
tively) were obtained for the Cagextractable metal pool. Inclu- - his stdy. Contrary to Sat al. (1996), we were not able to
sion of additional soil- and pore water—related parameters iy o pric jon activity to the Cu tissue concentrations found, as
general did not significantly enhance the equations found. Thes b expected in case of active Cu regulation by the plants.
sole exception to this general observation was the finding that ity s,0u1d be noted that in the study of Sateteal. (1996), no

case ,Of Zn, addition of the pH of the.por(_a water as an additionablam growth data were given with which to evaluate toxicity of
descriptor to the total Zn concentration in the sail, S|gn|f|can'[lycu in these soils.

improved the monovariate formula with total zinc as the sole 1o range of variance of internal Zn concentrations was
descriptor. In Figure 4k, values calculated on the basis of the ;iarmediate the ranges found for Cd and Cu. It cannot be

correlations for CagGlextraction given in Table 5 are plotted eq,ced to which extend this finding is related to active regu-
versus experimentally determing&gvalues for Cd and Zn. lation of internal Zn tissue concentrations.

Data were obtained by applying the Von Bertalanffy growth model
(Equation 2) to the log-transformed dry weights of the shoot materia
of plants cultivated during periods of time ranging from 0-35 days.

Discussion Mechanistic Aspects—Applicability of Correlations Found

General Although correlations as given in Table 5 do not provide clues
for the presence or absence of mechanistic influences of soil or
The results presented in this contribution show that metapore water variables on uptake, the findings reported here show
uptake byL. satival. is metal-dependent. On the one hand, nothat metal uptake of nonessential elements by lettuce is prob-
significant uptake of As, Cr, or Ni is observed. Apparently, ably best described as a passive process, resulting from the
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Fig. 3. Time-dependent accumulation of As, Cd, Cu, and Ni (no accumulation) as observed in soil S. The log-transformed amount of metal
accumulatedmol per plant) is given as a function of exposure time (days)

uptake of the pore water needed for growth and transpiratiorstart of the experiments. It should be noted, however, that metal
The fit of the simplistic model to the accumulation data showeddepletion in the rhizosphere is the most important factor to be
that accumulation can be described by the same curve shape taken into account in this respect. At present, reliable methods
growth. Although the model is crude and only loosely based orfor measuring metal depletion at the plant root/soil interface are
plant physiology, the satisfactory fit provided sufficient basislacking. Because only a limited number of mild extraction
for the multi-variate regressions. techniques were employed in this study, it cannot be excluded
Internal concentrations of essential metals (especially Cujhat additional methods for simulating the soluble metal pool in
may well be regulated at fixed levels. As a consequencethe rhizosphere would provide an even better relationship with
growth and transpiration will have a limited effect on levels of Cd and Zn concentrations in the plant tissues. In view of the
regulated metals. This was nicely illustrated by Wilkingdial. similarities observed among mild neutral salt extractions, ex-
(1968), who showed that Zn uptake by wheat plants wadraction of the soils with for instance complexing agents (like
unchanged, despite plant transpiration changing almost foulsEDTA/DTPA) might provide a better estimate of this bioavail-
fold between treatments, indicating a close control of Zn ab-able metal pool.
sorption rates by the roots. Both field soils and artificially contaminated soils (including
As we found that plant tissue concentrations of Cd and Zrone artificial soil medium, OECD-soil) constitute the test set.
are related to the soluble metal pools, it may be deduced thadfletal uptake by lettuce exposed in the two soils to which metal
the kinetics of replenishment of Cd and Zn taken up from thesalts were added did not deviate from uptake in the field soils
soil solution are sufficient to maintain fixed pore water con-(as illustrated in Figure 4). It can therefore be concluded that
centrations. These findings are supported by the observatiathe regression formulas given in Table 5 are applicable to both
that 0.01 M CaClextractable metal concentrations after afield soils (weathered soils) and to soils to which metal salts
maximum of 35 days of exposure are similar to those at théhave been added for a period of at least 3 months prior to
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Table 4. Log-transformed values df, (umol - g DW™1), obtained by applying the modified Von Bertalanffy model (Equation 5) to the ex-
perimentally determined total amount of metal accumulated in the plant tissue over time

Site As 53 Cd R Cr R? Cu R Ni R? Pb R Zn R?

n.a. —1.643 0.968 n.a. —0.796 0.946 n.a. n.a. —-0.114 0.961
E n.a. —1.226 0.992 n.a. —0.783 0.820 n.a. n.a. 0.713 0.988
J n.a. —-1.259 0.981 n.a. —0.992 0.598 n.a. —1.887 0.700 0.648 0.797
N n.a. —2.329 0.962 n.a. —0.640 0.953 n.a. n.a. 0.058 0.973
(@] n.a. —0.558 0.977 n.a. —0.835 0.855 n.a. —1.777 0.850 0.245 0.929
P n.a. —1.888 0.932 n.a. —-0.678 0.898 n.a. —2.048 0.508 -—-0.118 0.929
S -1.978 0.719 —1.203 0.986 —1.987 0.529 —-0.814 0.951 n.a. n.a. —0.189 0.958
W —1.458 0.973 —2.148 0.965 n.a. —1.099 0.958 n.a. n.a. —0.537 0.969
X n.a. —0.643 0.878 n.a. —1.542 0.837 n.a. —1.417 0.640 1.217 0.798
AA —1.891 0.842 —2.341 0.940 n.a. —-0.894 0.935 n.a. —2.124 0.715 0.693 0.966
AH n.a. —1.444 0.989 n.a. —-1.123 0.970 —2.004 0.893 —3.174 0.503 0.162 0.985
AK n.a. —2.227 0.940 n.a. —0.720 0.908 n.a. —3.082 0.695 0.293 0.971
AQ —-2.123 0.873 —0.988 0.950 n.a. —1.185 0.656 —1.028 0.942 n.a. 0.989 0.973
AR —-1.747 0.848 —2.011 0.950 —2.152 0.638 —1.103 0.942 —-1.956 0.709 n.a. 0.184 0.904
AT —2.126 0.891 —2.644 0.840 n.a. —1.201 0.924 n.a. —2.953 0.521 -0.189 0.963
AU n.a. —-3.306 0.856 n.a. —1.351 0.956 n.a. n.a. —0.161 0.947
Minimum —2.126 —3.306 —2.152 —1.542 —2.004 —-3.174 —-0.537
Maximum —1.458 —0.558 —1.987 —0.640 —1.028 —1.417 1.217
Average —1.887 —-1.741 —-2.070 —0.985 —1.663 —2.308 0.243

The value of the regression coefficien, ’ given as an indication of the goodness of fit. Only soils in which no abnormalities with regard to
growth of the plants and apparent toxic effects were observed are included in this tabte (izavailable: metal levels below detection limit).

Table 5. Mono- and multivariate regression formulae relating (log-transforrkgdalues for accumulation of Cd and Zn in satival. after
exposure in 16 Dutch soils to (log-transformed) external metal pools and soil characteristics

Metal Metal Pool Equation Obtained Statistics
Total concentration in soilLog k, = —1.73 + 0.02 Log i R, = —0.07, n= 16, SE= 0.78, F= 0. , p= 0.
Cd | Cd ion i il k 3+ 0.02 [CdL,, §dJ 0.0 6, S 0.78 0.002 0.96
(mmol/kg)
. aCl-extractable og k, = —1.52+ 0. 0og .= 0.76, n= 16, = 0.37, F= 49.7, p< 0.
0.01MC ble Cd Log k, 1.52 + 0.69 Log[Cd]cacy, Rng 0.76 16, SE= 0.37, F= 49.7 0.001
(pmol/kg)
ota in pore water og k, = —0.88 + 0. og w 2di = 0.63, n= 16, = 0.46, F= 26.5, p< 0.
Total Cd i Log k 0.88 + 0.64 Log[Cd], R2J 0.63 16, SE= 0.46, F= 26.5 0.001
(mmol/L)
activity in pore water Log k, = 2.87 + 0.59 Log R4 = 0.56, n= 15, SE= 0.42, F= 18.5, p= 0.001
Cd activity i k 2.8 0.59 (Cd)et §dJ 0.56 S 0.42 8 0.00
(mol/L)
Zn Total Zn concentration in soil Log k, = 0.11 + 0.24 Log[Zn]g; Riy = —0.004, n= 16, SE= 0.49, F= 0.94, p= 0.349
(mmol/kg)
. aCl-extractable Zn Log k, = —0.47 + 0. 0g[Zn]cac 2qi = 0.81, n= 15, = 0.20, F= 59.7, p< 0.
0.01mMC ble Zn Log k 0.47 + 0.40 Log[Zn]cacy, R2J 0.81 15, SE= 0.20, F= 59.7 0.001
(mmol/kg)
Total Zn in pore water Log k, = —0.17 + 0.42 Log[Zn],,, R4 = 0.79, n= 16, SE= 0.22, F= 58.6, p< 0.001
| i k 0 0.42 [2n], §dJ 0.79 6, S 0.22 8.6 0.00
(prmol/L)
Zn activity in pore water Log k, = 2.70 + 0.46 Log(Zn),, Rgdj = 0.78, n= 16, SE= 0.23, F= 54.3, p< 0.001
(mol/L)
pH (pw) Logk, = 2.50 — 0.35 pH Rfjdj = 0.43, n= 16, SE= 0.37, F= 12.6, p= 0.003
Total Zn in soil (mmol/kg) Log k, = 2.80 + 0.50 Log(Zn)s; Rgdj = 0.70, n= 16, SE= 0.27, F= 18.2, p= 0.001
+ pH (pw) — 0.45 pH

exposure of the plants. The latter is common procedure iruptake and growth may be affected. In addition, factors like
toxicity testing and hence in these cases too, Gagiraction  nutrient availability and even the amount of soil used per plant
provides a good means of estimating environmental metamay have impacted the growth characteristics observed in this
bioavailability toL. satival. study, and hence metal uptake. Moreover, possible effects due
to the presence of excess amounts of organic toxicants cannot
be completely ruled out because levels of a broad range of
Toxicity organic substances were not monitored in the soils tested.
However, soils in which there were clear effects on plant
Toxic effects caused by any of the soil characteristics, includperformance were excluded from the analyses. Toxic effects in
ing metals and organic toxicants present in the soils, as well akhe remaining soils may still be present, as judged using liter-
factors such as pH, may directly affect plant behavior andature data. The following critical NOEC values for lettuce
metal accumulation and thus may bias the findings. Both metaftissue concentrations on a dry weight basis) are given by
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Fig. 4. Comparison of experimental and predicted log-transforkyedhalues (umol - g DW 1), on the basis of the Cagextractable Cd and Zn
pools

MacNicol and Beckett (1985): Cd: 0.349 mmdéig * DW, Cu:  a product of the volume of water absorbed and the concentra-
0.167 mmot kg~ DW, Zn: 3.638 mmot kg ' DW. It may be  tion of metal in the soil solution. Where metal uptake by the
deduced from the regression equations given in Table 5 that gglant roots exceeds the supply brought to the root by mass flow,
equilibrium, the NOEC for Cu will be exceeded in soils N a depletion of metal in the rhizosphere occurs and metals may
(predictedk,: 0.229mmol- kg~* DW), O (0.198 mmot kg~* diffuse toward the root in response to this concentration gra-
DW), and P (0.184 mmol kg~* DW). The NOEC for Zn is  dient. Model calculations of McLaughliet al. (1997) for Cd at
expected to be exceeded in soils E (6.916 mnkgl * DW), J  low levels of contamination in soil suggested that some deple-
(4.495 mmol- kg~* DW), X (8.912 mmol- kg~* DW), AB tion of Cd may occur at the root surface. However, extractions
(7.093 mmol kg~* DW), AK (4.503 mmol- kg~* DW), and  carried out at the end of the exposure period employed in the
AQ (9.698 mmol- kg~* DW). The critical NOEC for Cd will  study reported here do not support these calculations. Since, as
not be exceeded in any of the soils tested. The latter findingtated in the introduction section, the soil solution is effectively
supports earlier observations of Chaney (1989) showing that ofemptied” and replenished many times (Bouldin 1989), plant
all metals included in this study, Cd is the only metal that mightmetal uptake is dependent not only on the availability of the
pose human or animal health risks at plant tissue concentrationfietal in the soil solutioniftensity and the particularities of
that are not generally phytotoxic. Of all metals included in thisthe plant’s uptake mechanisms but also on the soil’s capacity to
study, Cd is the metal of most concern due to bioaccumulatio’upply that particular elementgpacity. Understanding metal
through the soil-plant-animal food chain. bioavailability in soils requires the consideration of the inten-
On the other hand, from the data given in Tables 1 and 5 ikjty of the toxic exposure and the soil's capacity to maintain
may be deduced that internal Cd and Zn concentrations in soilgis level, in this case in the rhizosphere. In this study it was

M, AC, and AE (soils in which abnormalities with regard to found that the 0.01 M CaGlextractable metal pool provides
plant performance were observed) are predicted to be below th@e pest empirical descriptor for the capacity of the soil to
critical NOEC values mentioned. In addition: as #evalues  sypply Cd and zZn. In addition it was found that when express-
calculated for these soils are well within the range of experi-ng the intensity of exposure in terms of exceeding critical plant
mental Cd and Zn concentrations, the abnormalities observegssye threshold levels, phytotoxic effects related to excess Zn
in the three soils mentioned probably are not due to Cd or Zixannot be ruled out in a number of soils. No abnormalities with
toxicity, especially when considering that these soils are qU'tﬁ"egard to plant performance were, however, observed in these
acidic (pH between 3.49 and 4.63). soils. The critical NOEC for Cd was not exceeded in any of the
soils tested. It may nevertheless be concluded that of all metals
included in this study, Cd is the metal of most concern due to
Conclusion bioaccumulation through the soil-plant-animal food chain as
Cd is the only metal that might pose human or animal health
The plant root can be regarded as a selective sink for ions in thesks at plant tissue concentrations that are not generally phy-
soil solution. Metals may enter the plant root through a numbetotoxic.
of pathways. The most important pathway generally is uptake CaCl, extraction is a common extraction technique that is
from the soil solution, preceded by transport to the root bywell suited for predicting steady-state tissue metal concentra-
either mass flow of water to replace transpirational losses or bions in lettuce. Further studies are required as to investigate
diffusion of metal through the solution in response to a con-the universal nature of this extraction technique for predicting
centration gradient induced by selective uptake of metal ion bynetal uptake by a variety of plant species. When coupled to the
the root (Barber 1995). The flux of metal to the root is thereforeappropriate critical tissue levels, this would allow for a simple
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methodology for assessing potential and actual risks posed byicKenna IM, Chaney RL, Williams FM (1993) The effects of cad-
the presence of metals in soil ecosystems that would be well mium and zinc interactions on the accumulation and tissue distri-
suited in daily practice of risk assessment. Although it cannot bution of zinc and cadmium in lettuce and spinach. Environ Pollut
be ruled out that other extraction techniques might even pro- ~ 79:113-120 - _

vide a better estimate, it is shown here that the methodology iflacNicol RD, Beckett PHT (1985) Critical tissue concentrations of

rinciple is suited for both contaminated field soils and artifi-  Potentially toxic elements. Plant Soil 85:107-129
Eially Féontaminated soils McLaughlin MJ, Tiller KG, Smart MK (1997) Speciation of cadmium

in soil solution of saline/sodic soils and relationship with cad-
mium concentrations in potato tubers. Austr J Soil Res 35:1-17
OECD (1984) Guidelines for the testing of chemicals. No. 208 Ter-
restrial plants, growth test. OECD, Paris
Peijnenburg WJGM, Posthuma L, Eijsackers HJP, Allen HE (1997) A
Barber S (1995) Soil nutrient bioavailability. A mechanistic approach.  conceptual framework for implementation of bioavailability of
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