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Abstract

Root uptake of atrazine (ATR) by rice seedlings (Oryza sativa L.) from nutrient solution was investigated with exposure periods of 48, 96,
and 240 h. A similar ATR uptake was carried out with two co-existing organic compounds (o-chlorophenol (CP) and 2,4-dichlorophenol (DCP))
with 48 h exposure. In contact with the seedlings, the ATR level in nutrient solution decreased sharply during the early exposure and then reached
relatively steady levels after 48 h. It was observed that the ATR levels within whole seedlings approached the estimated equilibrium partition
limits in about 48 h, according to the partition-limited model utilizing the measured plant water and organic matter contents and the ATR partition
coefficients with whole seedlings. However, when roots and shoots were consisted separately, the detected ATR levels in roots were lower than
estimated equilibrium limit while the levels in shoots exceeded the equilibrium limit. The data with roots suggested the occurrence of rapid ATR
degradation in roots. The results with shoots are intrinsically consistent with the suggested complex formation of ATR with free metal ions in
shoots. The ATR levels in roots and shoots varied to a moderate extent when the seedlings were exposed to different levels of ATR-CP-DCP

mixtures. The variation results presumably from the interference of coexisting CP and DCP and the phytotoxicity of the mixed chemicals.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Crops are subject to contamination by pesticides and organic
wastes via root and/or foliage contact [1-3]. The need to under-
stand how the various parameters affect the plant uptake has led
to a series of investigations on the process [4,5]. Recent studies
show that organic chemicals in water enter plants largely via pas-
sive process [6—8]. In contrast, the plant uptake of electrolytes
is mediated by their electrical potentials and complex-formation
powers [7,9].

ATR, a carcinogen suspect, is one of the most extensively
applied pesticides in agriculture. Thus, ATR and its degradation
products are detected in soil, surface water, and groundwater
[10-11]. In neutral pH, ATR persists for a long time in soils and
groundwater (half-life of atrazine is about 398-742 days in neu-
tral soils and 10000 days in water at pH 7) [12—-14], although
banned for use in some countries, ATR remains as a most sig-

* Corresponding author.
E-mail address: syh73112000@yahoo.com.cn (Y.-H. Su).

0304-3894/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2006.06.115

nificant water pollutant [11]. ATR may be toxic to amphibian
species even at very low doses [15]. Understanding ATR trans-
port and transformation in environmental systems is essential to
assessing the ecological risk posed by ATR.

In plant uptake of organic chemicals from water, many
assumed that the concentrations in roots and water reach equi-
librium after a certain root-exposure time [4,16]. However, the
equilibrium state has not always been confirmed by an unequiv-
ocal criterion. It is thus important to study plant-uptake kinetics
with a method/model that defines the true equilibrium state. The
quasi-equilibrium partition model of Chiou et al. [6] enables
one to bridge the kinetic uptake with the equilibrium state. The
model relates the chemical level in plants (or in a plant part) at
a given time to the source level in external water by

Cpt = apth[fpw + fpoprom] (D

where Cpy is the chemical concentration in plants on a fresh-
weight basis and Cy, is the concentration in external water (or
soil water); fow and fpom are the respective weight fractions for
plant water and plant organic matter; Kpom the chemical parti-
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tion coefficient between plant organic matter and plant water;
ape (<1) is the quasi-equilibrium factor, the ratio of chemical
levels in plant water and external water at a specific point in
time. When apt =1, the levels in plants and external water are
at equilibrium; when oy is <1, it indicates the extent in plants
toward the equilibrium limit. The ratio of Cp to Cy, at is called
the “bioconcentration factor” (BCF). At the point of equilibrium,
the BCF is equal to [fpw +fpom&pom]-

In fact, different organic compounds usually coexist in the
actual polluted soils or surface waters, while only few studies
have been carried out about effects of coexisting organic com-
pounds on plant uptakes. O-dichlorophenol and 2,4-dichloro-
phenol usually enter environment with the waste water drained
by chemical plants in china, which make them become a typical
coexisting organic compounds with atrazine in the farmland.
Thus, this study presents the uptake of ATR by rice seedlings
from nutrient solution, the plant uptake as a function of uptake
time, and the effect of coexisting compounds (o-dichlorophenol
and 2,4-dichlorophenol) on the ATR uptake in order to inves-
tigate the interaction of organic compounds with different
properties. The results were analyzed according to Eq. (1).

2. Materials and methods
2.1. Preparation of rice seedlings

Rice seeds (Oryza sativa cv. Giyou-1) were disinfected in
30% H;0, (w/w) solution for 10 min, followed by thorough
washing with de-ionized water. The seeds were germinated in
moist perlite. After 3 weeks, uniform seedlings were selected
and transplanted to PVC pots (7.5 cm diameter and 14 cm high,
one plant per pot) containing 500 ml of a nutrient solution. The
compositions of nutrient solutions were listed in Table 1. The
nutrient solution was a modification of Long Ashton formula
after Zhu et al. [17] with the pH maintained at 5.0 using 0.1 M
KOH or HCI solution [18]. The nutrient solution was changed
once a week. The seedlings were allowed to grow in nutrient
solution for three weeks before being used for uptake studies.

2.2. Treatments with atrazine

Chemicals, such as K»SO4, NH4NO3, CaCl,, used in plant
uptake studies were all of analytical grade; ATR was provided by
Chem. Service, Inc. (China). Purities of all chemicals are more
than 98%. In experiment 1, the rice seedlings were exposed to
nutrient solutions with different ATR at 0, 2,4, 6, 8 and 10 mg 1!

Table 1
Compositions of nutrient solutions

Compounds Concentration Compounds Concentration
NH4NO; 1.7mM H3BO4 5.0 uM
KH,PO4 4.0mM ZnS04 0.5 uM
K>S04 0.7mM CuSOg4 0.5 uM
CaCl, 1.3mM MnSOy4 2.5 uM
MgSOq4 0.5mM NayMoOy4 0.2 uM
Fe(IlI)-EDTA 50.0 uM CoSO4 0.1 pM

without o-chlorophenol (CP) and 2,4-dichlorophenol (DCP) for
48 h. In experiment 2, the seedlings were exposed to mixtures of
ATR, CP, and DCP, with initial CP/DCP/ATR concentrations (in
mg1~") set at 10/5/2, 20/10/4, 40/20/6, 80/40/8, and 160/80/10.
In experiment 3, the seedlings were exposed to 50-ml nutrient
solution with ATR at 5.0, 10.0 and 20.0mg1~" in brown glass
bottle, the open areas between the cap and the rice seedlings
were sealed with sponge. At selected times, 0.2 ml of nutrient
solution was removed and extracted with hexane to determine
the ATR concentration. The solution was weighed and the loss of
water by plant transpiration was replenished to maintain the total
solution volume at ca. 50 ml. The change in ATR concentration
due to the sampling loss was corrected.

In experiment 4, the seedlings were exposed to nutrient solu-
tions with different (initial) ATR concentrations at 0, 2.5, 5.0,
and 10.0mg1~! for 96 h. In experiment 5, the seedlings were
exposed to nutrient solutions with (initial) ATR at 0, 0.6, 1.2,
2.0, 3.0 and 4.0 mg 1! for 240 h. In experiment 6, the contain-
ers with no rice seedlings were filled with nutrient solutions
containing ATR at 0, 2.5, 5.0, and 10.0 mg 17! to the same vol-
ume as in experiment 5, the open area were sealed with sponge.
The containers with rice seedlings in experiments 1 and 2 were
weighed five times everyday to measure the water loss by plant
transpiration, and the same amounts of nutrient solution were
replenished. The ATR concentration in nutrient solution was
measured at 48, 96 and 240 h intervals to register the ATR loss
during the uptake experiment. In experiments 4-6, the con-
tainers with rice seedlings were weighed twice everyday and
the loss of solution was replenished. In all experiments, each
treatment was conducted with four replicates. The experiments
were carried out in a controlled environment with a 14 h light
period (260-350 wmolm~2s~!) at temperatures of 25°C day
and 20 °C night. The relative humidity was 70%. The control
seedling at the end of the each experiment were sectioned into
roots and shoots and weighed. Portions of the samples were
freeze-dried (—45 °C) to determine the respective plant water
contents (fpw) and organic-matter contents (fpom)-

In experiment-1, experiment-2, experiment-4 and experi-
ment-5, the nutrient solutions containing different levels of
given contaminants were held by a series of identical PVC
(polyvinylchloride) cylinders. The cylinder was fitted with a
PVC septum (7.5 cm in diameter and 0.5 cm in thickness) with
a hole drilled at its center (1.5 cm in diameter), through which
the plant shoots extended into the outside air space. The sec-
tion of shoots passing through the septum hole was wrapped
with sponge sheets to minimize the open space. This design pre-
vented direct water evaporation from nutrient solution into the
external air when the seedlings were in place. Hence, the mass
of water transpired through plant shoots could be determined
accurately by the net weight change of the nutrient solution and
plants.

2.3. Water transpiration rate
Amounts of water transpired by plants over the 48 h period

were determined based on the cumulated weight losses of the
plant-solution systems by measuring their weight changes at
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1-3 h intervals during 7:00 a.m. and 11:00 p.m. After each mea-
surement, the amount of water lost by plant transpiration was
replenished with fresh nutrient solution to maintain the total
solution volume at a nearly constant level of ca. 500 ml. By
this method, the error in measured water transpiration was min-
imized. It also enabled one to quickly detect the change in plant
transpiration rate when the plant growth was affected by the con-
taminant phototoxicity. From the cumulated water-loss weights
and measured fresh-plant weights after 48 h exposure, plant tran-
spiration rates (G) (as g water/g fresh plant weight) were then
computed.

2.4. Analysis of atrazine

Seedling samples were first sectioned into roots and shoots.
The sectioned plant parts were rinsed with distilled water four
times to remove residual ATR on plant surfaces, wiped with
tissue paper, and immediately weighed. The samples were then
homogenized using a mortar and pestle, and then extracted using
an ultrasonic crusher machine with 40 ml of mixed methanol and
water (1:1, v/v). The liquid phase was filtrated and collected.
The samples were then extracted three times with 10 ml of fresh
mixed solvents. The liquid portions from all extractions were
combined and extracted with 20 ml of mixed petroleum ether
and dichloromethane (6.5:3.5, v/v). Supernatants of the mixed-
solvent phase were eluted through anhydrous Na;SO4 columns
and collected. This procedure was repeated four times. The elu-
ates were combined, concentrated into a small volume (1-2 ml)
using a rotary evaporator (Senco, China) with a gentle stream
of dry nitrogen, solvated again with 30 ml petroleum ether, and
extracted three times with 20 ml of acetonitrile. The acetoni-
trile fractions were combined, concentrated, and evaporated off.
The residues were solvated with petroleum ether and cleaned
with a Florisil column. The concentrations of ATR in extracts
were analyzed with an Agilent 6820 gas chromatograph with
a 93Ni electron capture detector (ECD) using a HP-5 capillary
column (0.32 mm x 30 m, 0.25 wm film thickness). Peak areas
of ATR were quantified with external standards for quantifying
ATR concentrations. The average recoveries of ATR in controls
were 83.9-96.6% (n=>5) for the plant samples.

2.5. Data analysis

Analysis of the data variance (ANOVA) was performed using
Genstat 6.0 for Windows on a personal computer (NAG Ltd.,
UK). Two-way analysis of variance was carried out on the ATR
uptake data.

3. Results and discussion
3.1. Plant biomass

Average biomasses of both roots and shoots in each experi-
ment were listed in Table 2. Biomasses of both roots and shoots
exposed to mixtures of contaminants were significantly less than
those exposed to single contaminants. Similarly, the root and
shoot biomasses exposed to lower ATR level and to a longer

Table 2
Biomasses (g dry matter) of rice seedlings in different series of experiments
(mean = S.E.)

Exposure time Contaminant Shoots Roots N2
48h (experiment 1)  ATR 1.81 £0.07 0.66 = 0.03 24
48h (experiment2)  ATR+CP+DCP 131 +0.08 0.50 +=0.02 20
96h (experiment4)  ATR 1.84 £0.09 0.69 +0.03 16
240h (experiment 5) ATR 341 £0.13 134 +£0.06 24

2 N are the number of rice seedlings.

contact time (experiment 5) were far greater than those exposed
to higher ATR level and to a shorter contact time (experiments
1 and 3).

3.2. Fundamental plant and contaminant parameters

Root and shoot water contents (fpw) of the rice seedlings,
obtained from water losses upon drying of fresh control samples,
are 0.905 and 0.852, respectively. Determined by differences,
the organic-matter contents (fpom) are 0.095 and 0.148 for roots
and shoots, respectively. The sorption isotherms of ATR with
dry roots or shoots were constructed using the dry sectioned
samples in contact with a series of nutrient solutions containing
different quantities of ATR [19]. From the isotherms, the respec-
tive Kpom values with seedling roots and shoots are determined.
Experimental fpw, fpom, and Kpom values with seedling roots and
shoots enable the respective [fpw +fpomKpom] terms in Eq. (1) to
be quantified, as listed in Table 3. The resulting [fpw + fpomKpom]
values are then used to determine for the respective o values of
ATR with (live) roots and shoots, according to Eq. (1), in various
ATR-uptake experiments.

3.3. Live plant uptake: ATR alone

The ATR concentrations in roots and shoots of rice seedlings
were significantly higher than in external nutrient solution. The
results show close linear relations between ATR concentra-
tions in roots/shoots and nutrient solution, as shown in Fig. 1.
The ATR uptake is higher in shoots than in roots. The linear
relationship between ATR levels in plant tissues and nutri-
ent solutions (Fig. 1) indicates that the plant ATR uptake is
relatively independent of the plant biomass. This effect sug-
gests that the ATR concentration in plants reaches a steady-
state level with respect to the external concentration in nutrient
solution.

Table 3

Measured partition coefficients (Kpom) of ATR between dry roots/shoots of rice
seedlings and water and respective [fpw +fpomKpom] and fpomKpom/fpw values
with fresh roots and shoots

Plant part Kpom (iSE) [fpw '*'fpom[(pom]hl fpanpom/fpw
Roots 36.8 (£2.8) 4.40 3.87
Shoots 20.1 (£1.7) 3.83 3.49

 Based on the measured organic-matter contents (fpom) of 0.095 and 0.148,
respectively, with fresh plant roots and shoots; the respective water contents
(fow) with roots and shoots are 0.905 and 0.852.
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Fig. 1. Uptake of ATR by rice seedlings as a function of ATR concentration in
nutrient solution (experiment 5). Each point is the mean of four replicates. Error
bars represent S.E.

There have been few studies comparing the contaminant lev-
els in different plant parts with respect to external levels, as most
plant-uptake studies have been conducted with single rather than
mixed contaminants. In this report we examine the extents to
equilibrium of ATR uptake by roots and shoots of rice seedlings
in the absence and presence of CP and DCP as coexisting chem-
icals, with the uptake data analyzed by the quasi-equilibrium
model (Eq. (1)). The calculated oy values for ATR under vari-
ous system settings are also listed in Table 4.

However, when the ATR data with seedling roots and shoots
were analyzed separately according to their compositions, the
calculated ATR ap values with roots were only 0.3, i.e., one-
third the equilibrium limit. On the other hand, the calculated
apt values with roots exceeded 1. The results suggest that ATR
was metabolized rapidly in seedling roots while engaged in spe-
cific binding in shoots. Martin et al. [20] and Meng and Carper
[21] showed that certain metal ions, such as Ca®*, Mg?*, Pb%*,
Zn?*, Cd**, and Cu®*, bind effectively with both monomeric and

Table 4

dimeric ATR to form both anhydrous and hydrated complexes.
This complex formation of ATR with metal ions is attributed to
the strong electron-donating power of ATR.

Once ATR entered the rice seedlings through roots, it dis-
tributed itself through plant xylem into shoot tissues. In shoots,
ATR could then engage in complex formation with active metal
ions (e.g., Ca’* and Mg?*) in excess of its partition with shoots
[19]. The formation of relatively stable ATR-bound residues
would enhance the accumulation of ATR by seedling shoots. The
observation that ATR oy values with roots, shoots and whole
seedlings in experiment 5 (with 240 h exposure) are less than
those in experiment 1 (48 h exposure) and experiment 4 (96 h
exposure) resulted likely from the dilution effect of the plant
growth. With no other coexisting organic compounds, the BCF
and ap values of ATR at low levels are largely independent of
the ATR level in nutrient solution, based on the results being
given in Table 4.

3.4. Effects of exposure time on live plant uptake

Results from experiment 6 indicated that the ATR concen-
tration in nutrient solution without plants decreased by less
than 2% during a 10-day period. Thus, the decrease of ATR
concentrations in nutrient solution with different exposure peri-
ods in experiments 1-5 could be attributed to plant uptake and
transformation (e.g., volatilization and metabolism). ATR con-
centrations in nutrient solution as a function of uptake time are
shown in Fig. 2. The fast initial uptake of ATR caused a sharp
drop in its concentration in nutrient solution. After a 10 h uptake,
the concentration in nutrient solution decreased only gradually
with time. The trend of ATR uptake by rice seedlings is similar
to that found in a previous report [22].

In ATR-alone systems, the o values with whole seedlings
were reasonably close to 1 after 48—96 h exposure, suggesting
that the levels in plants were near the equilibrium limits. This
finding concurs with a previous report [23] and with the ATR
kinetic uptake with time in experiment 3.

BCF and cx;t of ATR with rice seedlings in experiments with and without CP and DCP

System setting Plant part Cy (mgl™") BCF “;t
R 1.0-3.5 229 +0.18 0.54 £ 0.04
oots 5595 1.64 £ 0.03 0.39 £ 0.01
ATR 4 CP 4 DCPAS s 1.0-3.5 2.34 £ 0.19 0.63 £ 0.05
P oots 5595 2.99 + 0.38 0.80 + 0.10
. 1.0-3.5 2.32 £ 0.19 0.57 + 0.05
Whole seedlings 5595 2.60 + 0.27 0.64 £ 0.07
Roots 1.5-8.5 1.26 £ 0.06 0.30 £ 0.01
ATR alone/48 h Shoots 1.5-8.5 4.95 + 0.18 1.33 £ 0.05
Whole seedlings 1.5-8.5 3.89 £ 0.14 0.96 & 0.03
Roots 2.0-8.0 1.30 £+ 0.18 0.31 £ 0.04
ATR alone/96 h Shoots 2.0-8.0 5.53 + 0.02 1.48 + 0.01
Whole seedlings 2.0-8.0 4.32 + 0.07 1.06 £+ 0.02
Roots 0.5-3.5 0.92 + 0.06 0.22 + 0.01
ATR alone/240 h Shoots 0.5-3.5 4.60 £ 0.29 1.23 + 0.08
Whole seedlings 0.5-3.5 3.54 £0.20 0.87 £ 0.05
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Fig. 2. Change in ATR concentrations in nutrient solution with uptake time
(experiment 3). Each point is the mean of four replicates. Error bars represent
S.E.

3.5. Plant transpiration rate

Control plants showed a relatively transpiration rate (G)
at about 8.5 g water per gram of the fresh plant weight. The
change in water transpiration rate with the contaminant level is
shown in Table 5. Addition of ATR alone at 2mg1~! to solu-
tion reduced the rate to about 6gg~!; at ATR=10mg1~!, the
rate dropped to about 5gg~!. At low mixed CP-DCP-ATR
levels (10/5/2 to 20/10/4 in mgl_l), the amount of water tran-
spired decreased by a small extent to 7.9-7.2gg~! (relative
to 8.5gg~! for the control species), and the plant growth
was inhibited only slightly by the mixed contaminants rela-
tive to control plants. The presence of CP and DCP at low
concentrations decreased the toxicity of ATR to rice roots and
reduced the ATR transformation in roots and shoots. At mixed
CP-DCP-ATR levels of 40, 20, and 6 mg -1, respectively, the
plant water transpiration decreased sharply to 3.7gg~!, and
the transformation of atrazine in roots and shoots increased

sharply.

Table 5
Relations between transpiration rates (G) of rice seedlings and initial mixed
contaminant levels in solutions (C&) to which the roots were exposed®

In mixed-contaminant system In single-contaminant system

cd G cd G
Cp DCP ATR ATR
Control plants
0 0 0 8.50 0 8.50
Exposed plants
10 5 2 7.92 2 5.96
20 10 4 7.29 4 5.43
40 20 6 3.71 6 5.24
80 40 8 5.21 8 4.54
160 80 10 4.94 10 4.42

@ G: mass of water transpired per unit fresh weight of the rice seedlings (g g~1);
C g: initial contaminant concentration in solution (mg1~").

3.6. Live plant uptake: ATR mixed with CP and DCP

Results from experiment 2 showed that the presence of
CP and DCP in external solution reduced ATR concentrations
in rice shoots, especially at low levels (1.0-3.5mgl~"), but
increased ATR concentrations in rice roots (Fig. 3). Overall,
the results of ATR in ATR + CP + DCP mixture systems do not
show a general consistency with those in ATR-alone systems,
as the ATR + CP + DCP mixture exhibited different phytotox-
icities compared to ATR-alone. In plant uptake of chemicals
(contaminants) from water, the ratio of chemical concentration
in plants to that in external water is termed the “bioconcentra-
tion factor” (BCF). It has been recognized that the attainment
of full equilibrium for many chemicals between live plants and
external water may be difficult with given exposure times [24].
This is because the dissipation and transformation processes of
chemicals in plants (e.g., volatilization, metabolism and forma-
tion of bound residues) may often outweigh the uptake process.
Thus, BCF,, the apparent BCF, is commonly used to describe
the plant accumulation potential when the plant uptake reaches
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Fig. 3. Uptake of ATR by rice seedlings as a function of ATR concentra-
tion in nutrient solution (experiments 1 and 2). (A) ATR as a component in
ATR + CP + DCP mixtures; (B) ATR alone. Each point is the mean of four repli-
cates. Error bars represent S.E.
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a plateau with time [22]. The effects of exposure time on plant
uptake results from experiment 3, as illustrated in Fig. 1, indi-
cated that the ATR uptake by rice seedlings reached a plateau in
about 48 h. From experiments 1-6, the BCF, values of ATR with
roots, shoots, and whole seedlings, in which seeding roots were
exposed to different levels of ATR alone and ATR-CP-DCP
mixtures and to different exposure periods, are calculated and
listed in Table 4.

At low ATR+CP+DCP mixture levels (Table 4), the
observed BCF, or ay values for ATR with plant roots increased
by about 80% compared to the corresponding values with ATR
alone. The reason for this increase is not known. It is speculated
that CP and DCP in roots reduces the ATR degradation. In con-
trast, the ATR BCF, or oy values with plant shoots decreased
by about 54%, due possibly to interference of CP and DCP with
the ATR-metal binding capability in shoots. Over the low mixed
CP-DCP-ATR levels, the amount of water transpired decreased
only by a small extent (relative the control species), and the plant
growth was inhibited only slightly by the mixed contaminants
relative to that of the control species.

At high ATR + CP + DCP mixture levels, the BCF, and oy
values of ATR with plant roots decreased significantly relative to
those at low exposure levels, with the former values being com-
parable with those in ATR-alone systems, as shown in Table 5.
The marked decreases in RCF, and ay,¢ with roots are closely
related to the enhanced toxicities of the mixed contaminants, as
manifested by a large decline in plant transpiration rate (G) (from
7-8gg~! down to 3.7-5.2gg~!). The BCF, and ape values of
ATR with shoots at high mixture levels showed an apparent
increase relative to those at low mixture levels; moreover, the
plant shoots exhibited a clear withering sign during the second
day of the exposure and the plant transpiration was found to be
nearly at cease (G<1.0gg™"). The apparent increase in BCF,
and op of ATR results essentially from a significant loss of
shoot water content, which creates an apparent increase in cal-
culated BCF, and oy values (by Eq. (1)) based on the organic
and water contents of the control seedlings. In other words, the
actual [fpw + fpomKpom] value for withered shoots would be much
greater than that for the control seedlings that was used for deter-
mining the BCF, and o values. Thus, the calculated BCF, and
apt values for ATR at high mixture levels do not reflect true
enhancement of the shoot uptake.

4. Conclusion

The effects of exposure time on uptake of ATR alone from
nutrient solution by rice seedlings indicate that the uptake
reaches an apparent constant level in about 48 h. This finding is
consistent with the observation that the BCF values of ATR with
both roots and shoots with 48, 96, and 240 h exposure periods
are relatively comparable in magnitude. Analyses of the ATR
uptake with rice seedlings by use of the partition-limited model
using the measured plant composition and respective ATR par-
tition coefficients indicate that the ATR levels (or BCF,) with
roots after 48 h exposure are only about one-third of the equi-
librium values, due possibly to the rapid degradation of ATR
in roots. In contrast, the ATR levels (or BCF,) with shoots are

higher than the calculated partition limits, due presumably to
ATR binding with active metals in shoots in addition to its par-
tition with organic matter. For ATR uptake from mixtures of
ATR, CP, and DCP, the results vary with the mixture level. At
low mixture levels, the ATR BCF, with roots are enhanced, indi-
cating the improved stability of ATR in the mixture, while the
BCF, with shoots is decreased, due likely to the interference of
CP and DCP with the ATR metal binding. At high mixture lev-
els, the observed BCF, values with roots and shoots are highly
complicated by the enhanced mixture toxicity, and the data do
not show a general agreement with those at low single-ATR and
mixture levels.
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