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ABSTRACT

Environmental problems associated with non-ferrous smelter operations are a problem in many countries around the world. Copper 
production in Armenia has resulted in metal contamination of soils and general degradation of environmental quality. In this study 
we attempted to determine the thresholds of phytotoxicity of metals in soils contaminated by a copper smelter in Armenia. The 
studied soils were sampled in the Alaverdi valley, located ~200 km north of Yerevan. The range of metal concentrations in the 
studied soils was very wide, e.g., total copper in the soil was 87-5885 mg kg–1. Most soils had nearly neutral pH (6.9 ± 0.57), and 
average organic matter content (6.3 ± 1.9). Some soils were saline. Perennial ryegrass root elongation was used as an operational 
method to assess phytotoxicity. We calculated a contamination index for each soil studied and plotted root length as a function of 
soil contamination index. Root growth was mainly affected by the contamination index based on total metal concentration, while the 
contamination index based on extractable metal concentration proved to be a weak predictor. Soil organic matter had a stimulatory 
(positive) effect, whereas electrical conductivity had a toxic (negative) effect on root growth. Despite these confounding factors, 
we were able to derive phytotoxicity thresholds for metals (EC10, EC25, EC50) based on the contamination index. In conclusion, 
we discuss the practical importance of this study and future research needs concerning contaminated soils in the Alaverdi Valley.
 Keywords: Heavy metals; Lolium perenne; ecotoxicity.

RESUMEN

Los problemas ambientales asociados a las operaciones de fundición de metales no ferrosos son unapreocupación en muchos 
países del mundo. La producción de cobre en Armenia ha resultado en la contaminación por metales de los suelos y la degradación 
general de la calidad ambiental. En este estudio se intentó determinar los umbrales de fitotoxicidad de los metales en suelos 
contaminados por una fundición de cobre en Armenia. Los suelos analizados fueron muestreados en el valle de Alaverdi, ubicado 
~200 km al norte de Ereván. El rango de concentraciones de metales en los suelos estudiados resultó muy amplio. Por ejemplo, 
el cobre total en el suelo fue de 87-5885 mg kg–1. La mayoría de los suelos tenían un pH casi neutro (6,9 ± 0,57) y un contenido 
medio de materia orgánica (6,3 ± 1,9). Algunos suelos eran salinos. La elongación de la raíz del ballica perenne se utilizó como 
un método operativo para evaluar la fitotoxicidad. Se calculó un índice de contaminación para cada suelo estudiado y se graficó 
la longitud de la raíz en función del índice de contaminación del suelo. El crecimiento de las raíces se vio afectado principalmente 
por el índice de contaminación basado en la concentración total de metales, mientras que el índice de contaminación basado en 
la concentración de metales extraíbles demostró ser un predictor débil. La materia orgánica del suelo tuvo un efecto estimulante 
(positivo), mientras que la conductividad eléctrica tuvo un efecto tóxico (negativo) sobre el crecimiento de las raíces. A pesar de 
estos factores de confusión, se logró derivar umbrales de fitotoxicidad para metales (EC10, EC25, EC50) basados en el índice de 
contaminación. En conclusión, se destaca la importancia práctica de este estudio y las futuras necesidades de investigación sobre 
los suelos contaminados en el valle de Alaverdi.
 Palabras clave: Metal pesado, Lolium perenne, ecotoxicidad.
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Introduction

Environmental degradation due to the operation 
of non-ferrous metal smelting plants is a problem 
in many countries around the world (Ettler 2016). 
In particular, in Armenia, copper (Cu) smelting 
has led to metal contamination of soils and general 
environmental degradation (Tepanosyan et al. 2022, 
Tepanosyan et al. 2020). The term “metals” as 
used in this study was previously used to refer to 
“heavy metals”. However, the International Union 
of Pure and Applied Chemistry no longer endorses 
the term “heavy metals” (Duffus 2002). Similarly, 
to simplify the discussion in this paper, the term 
“metal” will also include metalloids (e.g., arsenic).

There are two complementary types of 
assessment of the ecotoxicity of metals in soil 
(ISO 17402 2008) 1) biological methods, in which 
organisms are exposed to soil and effects are 
observed, and 2) chemical methods, in which the 
total concentration of metals in soil or their fractions 
is measured. The correlation between the chemical 
values obtained and the biological effects makes it 
possible to determine the threshold of ecotoxicity 
of metals.

It should be noted that ecotoxicological studies 
on the toxicity of metals in soils are usually based 
on the use of uncontaminated soils that have been 
gradually enriched with metals in the form of soluble 
salts under laboratory conditions. However, laboratory 
results can be difficult to extrapolate to real soils 
that have been contaminated for many decades. In 

particular, metal toxicity is higher in metal-enriched 
soils than in artificially contaminated soils (e.g., 
Neaman et al. 2020, Santa-Cruz et al. 2021b), 
because metal toxicity depends on the residence 
time of metals in the soil, among other factors (e.g., 
McBride and Cai 2016, Zeng et al. 2017).

It is clear that in ecotoxicological studies 
preference should be given to anthropogenically 
contaminated soils over artificially contaminated 
soils. However, the vast majority of studies still 
operate with threshold values for metal ecotoxicity 
in artificially contaminated soils (Santa-Cruz et al. 
2021a). Consequently, any study reporting thresholds 
in anthropogenically contaminated soils represents 
scientific novelty. In this work, we attempted to 
determine the threshold values of phytotoxicity of 
metals in soils contaminated by a copper smelter 
in Armenia.

Materials and Methods

Soil characterization

The soils studied were sampled in the Alaverdi 
valley, located ~200 km north of Yerevan, Armenia 
(Figure 1). The valley soils were contaminated 
as a result of long-term operation of a copper 
smelter. In our previous study (Tepanosyan et al. 
2020), we determined the spatial distribution of 
Cu (Figure 1) and associated metals (e.g., As, Cd, 
Pb, and Zn) in the Alaverdi valley soils. For the 
present study, we used 47 soil samples collected 

Figure 1. Location of the study area. Spatial distribution of copper in the Alaverdi valley is based on our 
previous study (Tepanosyan et al. 2020).
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in our previous study (Tepanosyan et al. 2020), 
picked in order of increasing metal concentrations 
(Table 1, Supplementary Table 1).

Before chemical analysis, soil samples were 
dried at 40 ºC for 48 h and sieved through a 2-mm 
mesh. Total metal concentrations in the soils were 
determined by X-ray fluorescence spectrometer 
(Innov X-5000) following the US EPA 6200 method 
(US EPA, 2007). Standard reference samples were 
used in the analysis, and experimental values of 
the target metals were within 100 ± 20% of the 
certified values.

The extractable concentrations of As, Cd, Cu, 
Pb, and Zn were measured using ICP-OES (Agilent, 
model 5110). A 0.01 M KNO3 solution (soil/solution 
ratio 1/2.5) was used as extractant. The resulting 
suspension was shaken for 60 min and filtered through 
ashless filter paper; extractable concentrations of Cd, 
Cu, and Zn were below detection limits.

Soil pH was measured in the same 0.01 M 
KNO3 extract solution used to measure exchangeable 
metals. Soil conductivity was measured in aqueous 
extracts with a soil/solution ratio of 1/5. Organic 
matter content was determined by wet combustion 
method using sodium dichromate and sulfuric acid 
(Sadzawka et al. 2006). Finally, the carbonate 
content of the soil was estimated by reaction with 
10% N HCl (Supplementary Table 1).

Assessment of phytotoxicity

The root elongation bioassay (Prudnikova 
et al. 2020) was used as a method for phytotoxicity 
evaluation. A 14 x 14 x 1 cm clear plastic Petri 
dish was used as the experimental container 
(Figure 2). The walls were removed from the top 
of the container so as not to block shoot growth. 
The containers were not sealed, and excess water 

Table 1. Chemical characteristics of soil from Alaverdi, Armenia. 
Average values, standard deviations and range 
of values (in parentheses) are shown (n = 47).

Soil property Unit Alaverdi (n = 47)

pH in KNO3 – 6.9 ± 0.57 (4.4 - 7.4)
Electrical conductivity dS m–1 0.46 ± 0.40 (0.13 - 1.9)
Organic matter % 6.3 ± 1.9 (1.5 - 11)
Total Cd mg kg–1 4.4 ± 3.1 (2.0 - 16)
Total As mg kg–1 4.4 ± 3.1 (18 - 953)
Total Zn mg kg–1 449 ± 316 (101 - 1571)
Total Cu mg kg–1 1047 ± 1052 (87 - 5885)
Total Pb mg kg–1 189 ± 341 (19 - 2268)
Extractable As mg kg–1 0.095 ± 0.084 (0.007 - 0.44)
Extractable Pb mg kg–1 0.37 ± 0.22 (0.13 - 1.5)

Figure 2. Root growth on day 6. A: sample AV-32, average root length 
of 6.0 ± 1.1 cm; B: sample AV-49, average root length of 4.4 ± 1.3 cm.
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was allowed to drain to avoid waterlogging. Soil 
samples were moistened with distilled water and 
placed in the experimental containers; 50 seeds of 
Lolium perenne L. were sown and covered with a 
0.5 cm layer of soil. Seed germination was good 
(77%) as measured using standard protocols (Pezo 
et al. 2020).

Containers were placed at a 45-degree angle to 
allow the roots to grow along the container walls. 
To prevent evaporation of water, the containers 
were covered with plastic film and placed at room 
temperature for 2 days in a closet protected from 
sunlight; on day 3, the plastic film was removed, 
and the containers were placed in a growth chamber 
(16-hour photoperiod, photosynthetically effective 
radiation 206 ± 38 μM m–2 s–1). To prevent root 
exposure to light, the containers were covered with 
aluminum foil. Soil was moistened daily to prevent 
over drying. Bioassay was completed on day 6. 
Containers were scanned with a ScanSnap SV600 
non-contact scanner. Root length was then evaluated 
with the ImageJ software (Supplementary Table 2).

Data analysis

The main problem in using artificially 
contaminated soils for ecotoxicity assessment 
has to do with the presence of multiple metals in 
contaminated soils. This makes it impossible to 
measure exposure to a specific metal in certain cases 
(Prudnikova et al. 2020). Our study was a case in 
point as we found that the concentrations of As, Cu, 
Cd, Pb, and Zn were highly correlated with each other 
(Supplementary Table 3). This is why we decided to 
calculate the contamination index for each sampling 
point instead (Supplementary Table 2) (Vorobeichik 
and Pozolotina 2003b):

PIi =
1
n
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Cjb
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∑

where PIi is the contamination index at the i-th 
point, Cji is the concentration of the j-th element 
in the soil at the i-th point, Cjb is the background 
concentration of the j-th element in the soil, and n is 
the number of elements analyzed. In this study, n = 
4 for all concentrations (As, Cu, Pb, Zn, but Cd may 
be below detection limit) and n = 2 for extractable 
concentrations (As, Pb, but Cd, Cu, Zn were below 
detection limits) (Supplementary Table 1). Thus, the 

Table 2. Regression models between mean root length and 
soil chemical characteristics. (+) indicates that the soil 
characteristic has a stimulatory (positive) effect on root 

growth; (-) indicates that the soil characteristic has a toxic 
(negative) effect on root growth.

Multiple regression R2

- PI total (p < 0.0001) 0.50
- PI total (p < 0.0001) - EC (p < 0.0001) 0.68
- PI total (p < 0.0001) + OM (p < 0.05) 0.54

PI total means contamination index (based on total metal 
concentrations in the soils studied), EC means electrical 
conductivity and OM means soil organic matter.

Table 3. Effective concentrations at 10%, 25% and 50% 
(EC10, EC25 and EC50) of the total metal contamination 

index for the root length response variable. Values in 
parentheses refer to 95% confidence intervals.

EC10 EC25 EC50

17 21 26
(11-22) (17-26) (21-32)

contamination index is a coefficient representing 
an increase in average contamination by all metals 
over background concentrations of those metals. 
Contamination indices were calculated for total and 
extractable metal concentrations (Supplementary 
Table 2) and the lowest concentration of a given 
metal the studied soil was used as the background 
concentration.

We then plotted root length as a function of 
the soil contamination index mentioned above. The 
10%, 25%, and 50% effective concentrations (EC10, 
EC25, EC50) and their 95% confidence intervals 
were estimated using the Toxicity Relationship 
Analysis Program (TRAP), version 1.30a (US EPA, 
2015). Contamination index was used as a dose 
variable and root length as a response variable. For 
the reference value (100%), we used root length of 
plants grown in the soil with the lowest contamination 
index. Finally, multiple regressions between mean 
root length and soil chemical characteristics were 
performed.

Results and Discussion

The concentrations of metals in the soils under 
study varied widely. Most of the soils were very 
calcareous (Supplementary Table 1), with an almost 
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neutral pH and a medium organic matter content 
(Table 1). Some soils were saline.

Root growth in the soils studied was mainly 
affected by the contamination index calculated from 
total metal concentrations (Table 2, Figure 3). The 
results of ryegrass root growth in the present study agree 
with those of the study by Vorobeichik and Pozolotina 
(2003a), in which inhibited root growth of common 
dandelion (Taraxacum officinale (L.) Weber ex F.H. 
Wigg) was linked to the soil contamination index.

However, the contamination index based on 
extractable metal concentrations proved to be a weak 
predictor of root growth (Supplementary Figure 1), 
which is consistent with the intensity/capacity/
quantity concept (Santa-Cruz et al. 2021a). The 
quantity factor refers to the total metal content in 
the soil. The intensity factor is the concentration of 
metals in the soil solution, taking into account that 
this fraction is immediately available to the roots at 
any given time. The capacity factor is the kinetics of 
metal release, i.e., the buffering capacity of the soil 
to deliver element ions from the solid phase to the 
soil solution. In other words, the uptake of metals 
by plants depends not only on their concentrations 
in the soil solution (intensity), but also on the total 
content of metals in soil (quantity), and their supply 
kinetics (capacity).

Soil organic matter had a stimulatory (positive) 
effect on root growth. After sprouting, the radicle 

protrudes from the seed coat to explore the soil for 
nutrients (Benoit et al. 2015, Durr and Mary 1998, 
Li et al. 2019). Radicle growth depends on both 
seed mineral reserves and nutrient uptake from 
the substrate (Brunel-Muguet et al. 2015). This is 
especially true in small seeds (Peñaloza and Duran, 
2015), such as ryegrass. Thus, the stimulating 
(positive) effect of organic matter on root growth is 
probably due to better nutrient availability at higher 
concentrations of organic matter. On the other hand, 
electrical conductivity had a toxic (negative) effect 
on root growth, which is consistent with a well-
known fact that salts inhibit root growth. Despite 
the aforementioned confounding factors, we were 
able to derive metal phytotoxicity thresholds based 
on the contamination index (Figure 3, Table 3).

Practical implications and future study needs

Contaminated areas in the vicinity of non-ferrous 
metal smelters can act as sources of secondary 
pollution (Luo et al. 2014). Indeed, due to prolonged 
accumulation of pollutants and deterioration of 
vegetation cover, these areas lose their ability to 
bind metals and become uncontrolled sources of 
air and water pollution. Thus, the present study has 
important practical implications for environmental 
assessment and decision making with respect to 
contaminated soils in the Alaverdi valley in Armenia.

Figure 3. Root length as a function of contamination index based on total metal concentrations. The y-axis 
represents mean root length expressed as a percentage of the mean root length in the soil with the lowest 
contamination index. A threshold sigmoidal regression analysis was used to fit the data (Toxicity Relationship 
Analysis Program, US Environmental Protection Agency). EC10, EC25 and EC50 values are shown.
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Future research in the Alaverdi Valley should 
focus on controlling the mobility of metals in the 
soil, for example, by applying various additives to 
the soil to reduce the concentration of metals in 
the soil solution. This method cannot eliminate 
metals from the soil but can convert them to a less 
soluble form. An important criterion for the success 
of immobilization of metals in soil is whether the 
toxic effects of metals on plants and soil organisms 
are reduced (Lwin et al. 2018, Mahar et al. 2016).

On the other hand, as mentioned earlier, 
anthropogenically contaminated soils can play 
only a very minor role in environmental assessment 
and soil quality determination. The difficulty in 
interpreting anthropogenically contaminated soils is 
due to the presence of multiple metal contaminants 
in the soil and the unclear impact of specific metals 

on the response of plants and soil organisms. 
However, our studies have shown that once metal 
concentrations in plant tissues are determined, it 
is possible to discern the toxic effects of specific 
metals (e.g., Tarasova et al. 2020) and in some cases 
even calibrate metal toxicity thresholds (Mondaca 
et al. 2017, Verdejo et al. 2015). Therefore, future 
studies using contaminated soils from the Alaverdi 
Valley will warrant the use of longer plant growth 
bioassays to ensure that sufficient biomass is obtained 
for plant tissue analysis.
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Supplementary Table 1. Physical and chemical characteristics of the studied soil samples from Alaverdi, Armenia.

Chemical characteristics Total Extractable

Sample pH
Electrical 

conductivity
Reaction 
with HCl

Organic 
matter

Cd As Zn Cu Pb As Pb

dS m–1 % mg kg–1

AV-3 6.8 0.36 Strong 4.9 bdl 18 111 1295 20 0.029 0.36
AV-4 6.9 1.9 Strong 2.6 bdl 22 102 87 19 0.009 0.64
AV-5 6.6 0.33 Strong 6.0 bdl 26 129 137 27 0.046 0.28
AV-6 6.7 0.18 Strong 4.6 bdl 26 126 106 30 0.007 0.19
AV-7 7.2 0.35 Strong 8.0 bdl 24 171 185 34 0.063 0.35
AV-8 7.2 0.14 Strong 6.4 bdl 27 169 176 28 0.069 0.30
AV-9 7.4 0.22 Strong 6.3 bdl 25 110 190 27 0.062 0.39
AV-10 7.3 0.29 Strong 5.3 bdl 30 130 192 34 0.033 0.23
AV-11 7.2 0.26 Strong 6.2 bdl 35 220 334 49 0.043 0.40
AV-13 7.0 1.0 Strong 6.6 bdl 36 191 244 86 0.062 0.48
AV-15 7.3 0.32 Strong 5.0 bdl 37 162 344 46 0.077 0.37
AV-16 7.2 0.40 Strong 5.9 bdl 38 249 500 56 0.079 0.38
AV-17 7.1 0.29 Strong 8.2 bdl 36 154 259 43 0.094 0.26
AV-18 7.2 0.13 Strong 6.4 bdl 35 125 238 38 0.10 0.22
AV-19 7.0 0.89 Strong 5.2 bdl 38 150 303 54 0.021 0.45
AV-20 7.2 0.36 Strong 6.4 bdl 41 218 302 48 0.053 0.28
AV-21 7.4 0.32 Strong 11 bdl 41 398 388 57 0.060 0.33
AV-23 7.3 0.52 Strong 10 bdl 44 407 428 69 0.13 0.33
AV-24 7.1 0.20 Weak 8.0 bdl 49 252 573 57 0.048 0.35
AV-25 6.6 0.36 Strong 3.8 bdl 54 282 630 77 0.027 0.22
AV-26 6.9 0.22 Weak 6.4 bdl 50 154 357 58 0.025 0.22
AV-27 7.2 0.24 Strong 6.7 bdl 62 373 681 96 0.19 0.27
AV-28 7.2 0.35 Strong 5.8 bdl 61 316 501 656 0.024 0.40
AV-29 7.1 1.3 Strong 5.5 bdl 59 230 516 76 0.069 0.76
AV-30 7.1 0.17 Strong 6.3 2 79 540 624 161 0.032 0.13
AV-31 7.1 0.39 Strong 8.5 2.6 75 423 1192 136 0.24 0.29
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Supplementary Table 2. Pollution indices (PI) and root length for the soils under study. 
For root length, average values and standard deviation are shown.

Sample PI (total) PI (extractable) Root length, cm

AV-3 4.5 3.4 6.0 ± 1.6
AV-4 1.0 3.1 3.0 ± 1.5
AV-5 1.4 4.3 6.2 ± 1.6 
AV-6 1.4 1.2 5.7 ± 1.1
AV-7 1.7 5.9 6.4 ± 1.5
AV-8 1.6 6.1 5.6 ± 1.4
AV-9 1.5 5.9 7.1 ± 1.1
AV-10 1.7 3.2 5.8 ± 1.3
AV-11 2.6 4.6 5.8 ± 1.4
AV-13 2.8 6.3 5.5 ± 1.6
AV-15 2.5 6.9 6.2 ± 1.3
AV-16 3.3 7.1 6.6 ± 1.6
AV-17 2.2 7.7 6.3 ± 1.4
AV-18 2.0 8.0 6.0 ± 1.7
AV-19 2.5 3.2 6.2 ± 0.83
AV-20 2.6 4.8 5.3 ± 1.5
AV-21 3.4 5.5 6.9 ± 1.4
AV-23 3.7 10 6.2 ± 1.9
AV-24 3.7 4.8 6.8 ± 1.7
AV-25 4.2 2.8 5.9 ± 1.7
AV-26 2.8 2.6 7.0 ± 1.1
AV-27 5.0 15 6.0 ± 1.7
AV-28 12 3.2 4.1 ± 1.7
AV-29 3.8 7.8 4.3 ± 1.6

Chemical characteristics Total Extractable

Sample pH
Electrical 

conductivity
Reaction 
with HCl

Organic 
matter

Cd As Zn Cu Pb As Pb

dS m–1 % mg kg–1

AV-32 7.3 0.32 Weak 8.0 2.4 89 578 772 107 0.065 0.29
AV-33 7.1 0.58 Strong 8.6 3.3 87 468 1449 115 0.17 0.43
AV-34 6.4 0.28 Strong 7.3 3.4 90 437 1105 137 0.23 0.27
AV-35 7.1 0.70 Strong 5.3 2.4 91 517 734 160 0.13 0.49
AV-36 7.1 0.27 Weak 6.9 3 96 467 1644 122 0.14 0.30
AV-37 7.3 0.30 Strong 7.1 bdl 116 823 1066 164 0.076 0.23
AV-38 6.9 1.8 Weak 6.2 3.6 106 545 1365 183 0.19 0.78
AV-39 7.4 0.43 Strong 4.0 bdl 112 675 1167 111 0.027 0.33
AV-40 7.2 0.25 Weak 5.4 3.8 116 491 1468 153 0.091 0.26
AV-41 6.9 0.67 Weak 4.5 2.9 155 722 1466 158 0.017 0.75
AV-42 7.1 0.43 No 6.3 bdl 143 641 1583 171 0.097 0.42
AV-43 7.1 0.29 Weak 7.9 5.3 163 730 1145 248 0.095 0.26
AV-44 6.9 0.58 Weak 6.4 5 147 677 1756 204 0.038 0.31
AV-45 7.0 0.23 Weak 11 6.3 170 1571 1482 596 0.12 0.19
AV-46 7.0 0.18 No 5.0 3.4 240 1032 2151 306 0.29 0.25
AV-47 7.1 0.22 No 8.3 3.3 184 816 3183 218 0.23 0.29
AV-48 6.8 0.29 No 6.5 3.4 222 580 2029 253 0.11 0.35
AV-49 7.0 0.38 Strong 6.5 6.4 279 875 3033 302 0.44 0.52
AV-50 6.7 0.38 No 4.0 5.1 356 947 5885 434 0.094 0.33
AV-51 4.6 0.36 No 4.2 bdl 369 601 1564 415 0.095 0.18
AV-52 4.4 1.3 No 1.5 16 953 995 2411 2268 0.016 1.5

Sample PI (total) PI (extractable) Root length, cm

AV-30 6.3 2.8 4.6 ± 1.4
AV-31 7.2 18 6.5 ± 1.7
AV-32 6.2 5.8 6.0 ± 1.1
AV-33 8.0 14 5.7 ± 1.3
AV-34 7.2 17 6.1 ± 1.5
AV-35 6.7 11 6.3 ± 1.0
AV-36 8.7 11 6.9 ± 1.4
AV-37 8.8 6.3 4.1 ± 1.4
AV-38 9.1 17 3.0 ± 1.0
AV-39 8.0 3.2 6.5 ± 0.79
AV-40 9.0 7.5 5.3 ± 1.3
AV-41 10 4.1 6.5 ± 1.2
AV-42 10 8.5 6.7 ± 0.74
AV-43 11 7.8 5.6 ± 1.3
AV-44 11 3.9 4.3 ± 1.3
AV-45 18 9.0 5.3 ± 1.5
AV-46 16 21 4.7 ± 1.5
AV-47 16 18 4.9 ± 1.5
AV-48 14 9.2 6.0 ± 1.2
AV-49 19 33 4.4 ± 1.3
AV-50 30 8.0 1.7 ± 0.54
AV-51 16 7.5 6.1 ± 1.3
AV-52 52 6.7 0
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Supplementary Table 3. Pearson correlation matrix for the 
total concentrations of metals in soils under study. For all 

correlations, p < 0.001.

Cu As Zn

As 0.62
Zn 0.70 0.62
Pb 0.41 0.92 0.53

Supplementary Figure 1. Root length as a function of pollution index (extractable). The y-axis represents 
average root length expressed as a percentage of average root length in control experiments. A threshold 
sigmoid regression analysis was used to fit the data (Toxicity Relationship Analysis Program, US Environmental 
Protection Agency).




