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Abstract In Brazil’s littoral, many iron ore industries
are located in areas of restinga, a type of coastal
ecosystem; such industries represent stationary sour-
ces of iron and acid particulates. The industrial sector
is under expansion, threatening the already fragile
ecosystem. In the present study, the simulated impact
of these emissions was studied on the early establish-
ment stages of two native plant species, Sophora
tomentosa and Schinus terebinthifolius. The results
indicate that S. tomentosa display deficient germina-
tion and low root tolerance when exposed to iron dust
and acidity. Toxic iron concentrations were found to
accumulate only in the roots of S. tomentosa plants
exposed to increasing doses of iron dust. In these
plants, initial growth was reduced, leading to the
conclusion that S. tomentosa was unable to regulate,
and, thus, to overcome, the effects of the iron dust in
the substrate. In contrast, the germination, root
tolerance index, and initial growth of S. terebinthifo-

lius were not affected by iron dust and acidity,
revealing the species’ resistance to these pollutants.
We propose that under similar field conditions, S.
tomentosa would be adversely affected, whereas S.
terebinthifolius would thrive. On a long-term basis,
this imbalance is likely to interfere in the vegetational
composition and dynamics of the affected ecosystem.

Keywords Acidic deposition .

Atmospheric pollution . Ecological risk .

Iron particulate matter

1 Introduction

Brazil is the world’s largest producer of iron ore
products, such as pellets, powder and sinter
(UNCTAD 2006). The demand for metal goods is
increasing worldwide; this consequently compels ore
industries to expand their activities, which, in turn,
can exacerbate pre-existent ecological problems
caused by the sector. The industries constitute a
source of geographic and environmental disturbance
due to mining and the emission of iron dust and sulfur
dioxide (SO2) (Wong and Tam 1977; Lopes et al.
2000; Paling et al. 2001). The iron dust, or iron ore
particulate matter, represents the major pollutant
released by these industries, during both the process-
ing and storage of final products in open stock yards.
These pollutants can be deposited either near the
source or carried away, depending on the particle size,
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wind and landscape features. The SO2 is emitted by
the furnaces when coal is burned during the ore
pelletization process, thereby increasing the chances
of acid particle formation (Lopes et al. 2000).

The effects of particulate matter on natural ecosys-
tems are linked to its chemical constitution and the
severity of the exposure to it. Excessive particle
accumulation in the ecosystems can influence plant
growth and also increases the plant susceptibility to
other environmental stresses. This type of pollutant
can directly affect photosynthesis, through abrasion,
stomata blockage and smothering of the leaves, once
the particles settle down on the organ surface (Hirano
et al. 1995; Naidoo and Chirkoot 2004). Indirect
effects may involve chemical and physical modifica-
tion of the soil properties. Deposition of acid particles
often alters soil pH and enhances the solubility of
heavy metals (Farmer 1993). Germination and the
early growth stages are the most vulnerable periods of
a plant life cycle; thus, any environmental stress,
combined with the sensitivity of the species, can
interfere with a species’ establishment success (Fan
and Wang 2000; Grantz et al. 2003). This condition is
likely to affect the vegetation dynamic, causing
further ecological problems (Narayan et al. 1994;
Wen et al. 2006).

Iron hydroxides constitute the main ore exploited
by the industries. Particulate matter derived from the
crushing and beneficiation of iron ore is primarily
inert and usually unavailable for plants as nutrient
source. However, iron particulate accumulation in the
soil due to heavy deposition or poor drainage, in
combination with low pH of the substrate, may
increase the availability of iron (Fe) to plants (Wong
et al. 1978). Even though Fe is an essential
micronutrient, high levels of this element in the soil
can lead to toxicity or nutritional alterations, which
can negatively affect plant metabolism (Connolly and
Guerinot 2002).

Iron ore industries with full facilities, including
factories, stock yards, and ship loading harbors, are
present on the coastline of Espírito Santo state in
Brazil. Those industries are often located in areas of
natural ecosystem, termed restinga (Pereira 1990).
Thus, the restinga vegetation is frequently at risk of
chronic and acute exposures to iron dust and acid
deposition since particles are constantly escaping
during the handling process as well as during spills,
which are unpredictable (Lopes et al. 2000). The

situation is aggravated by the expansion policy of the
industries.

However, information is scarce on how or whether
the exposure to the related emissions affects the
restinga vegetation. This study represents a first
attempt to investigate the possible effects of iron dust
and acidity on native species of the restinga, through
testing germination and initial growth.

2 Materials and Methods

2.1 Area Description

The area exposed to the emissions is located on the
littoral of Espírito Santo State, Brazil. The region, at
20°46′21.0″ S and 40°34′52.3″ W, hosts an iron ore
industry, which is undergoing an expansion process,
and fragments of restinga vegetation. The main ore
exploited is itabirito, which is basically composed of
hematite (Fe2O3) and quartz (SiO3); its handling and
beneficiation generate iron ore particles, mainly
coarse particulates, and sulfur dioxide (SO2). In the
region, SO2 and total particles in suspension are
usually within the standard limits (80 μg m−3 for both
atmospheric pollutants), which were established by
Brazil's office of environmental regulation. The
industry plant includes a stockyard, two furnaces
and a harbor for shipment of iron pellets and sinter,
the final products. Incidents involving furnaces and
spills of iron sinter and powder due to strong winds or
troubleshooting of the loading equipment have been
reported, although the actual amount of pollutants
deposited in the nearby areas has not been disclosed.

According to Köppens classification, the climate in
the region is tropical wet and dry (Aw), with a non-
pronounced dry season during winter months. The
annual precipitation is about 900 mm, the average air
humidity is 70%, and the average temperature is
23.4°C.

2.2 Plant Material

Two native species, Schinus terebinthifolius Rardii
(Anacardiaceae) and Sophora tomentosa L. (Legumi-
nosae), were chosen to have their germination and
initial growth tested under the influence of iron ore
dust and different pH levels. These shrub species are
components of the restinga after-dune plant commu-
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nity, and they help to stabilize the sand dunes (Gross
1993; Patiño et al. 2002; Lenzi and Orth 2004;
Nogueira and Arruda 2006).

Ripened fruits of the two species were collected
from plants growing on a restinga fragment, ‘Paulo
César Vinha’ State Park, 30 km north of the iron ore
industry and opposed to the prevalent wind direction.
The seeds were removed, washed in distilled water
and soaked first in a 5% sodium hypochlorite solution
for 5 min and then in a 0.1% Captan solution for
1 min, to prevent microorganism infestation. After
drying at room temperature, the seeds were selected
for size uniformity and used within 15 days. Although
carried out simultaneously, the experiments for each
species were completely independent.

2.3 Iron Dust Material

The iron particulate matter used in the experiments
was the manufactured powdered ore, the iron sinter,
which is basically composed of metallic or elemental
iron (Fe0) and which is often stockpiled in the open
yard at the ore industry plant. The granulometric size
of the powder ranges from coarse (2.5–10 μm ∅) to
large (>50 μm ∅) particles, and its composition is
described in Table 1.

2.4 Germination and Root Tolerance Index

The selected seeds were placed in sterile glass Petri
dishes (9 cm ∅) containing germination paper and

submitted to treatments with different combinations of
pH and iron dust dose in a factorial 3×2 arrangement
with four replicates, in a randomized block design.
The pH values studied were 6.5 (distilled water), 5.0
and 3.0, which were achieved by adding diluted
sulfuric acid solutions. The doses of iron dust were:
0.0 and 0.6 mg mm−2, based on the average amount
daily deposited in the vicinity of an iron ore industry
(Lopes et al. 2000). The pH 6.5 without iron dust
treatment was used as the control. Each treatment
used 100 seeds evenly distributed in four dishes/
replicates. The Petri dishes were incubated in a
germination chamber at a constant temperature of
27°C with a 16/8 h photoperiod. The solutions with
different pH values and the iron dust in the dishes
were renewed every 2 days to assure maximum
exposure to the intended treatments. A seed was
considered to be germinated when the protruded
radicle was 2.0 mm long, which took approximately
24–48 h for S. terebinthifolius and 72 h for S.
tomentosa. The germinated seeds were counted daily,
and the mean cumulative results were expressed as
percentages.

To assess the tolerance of pre-germinated seeds to
iron dust and acidity, seeds with 2.0 mm protruded
radicles were placed in sterile PVC trays (5×20×
45 cm) containing germination paper with the
corresponding treatments of iron dust and sulfuric
acid solutions described above. For each treatment, 20
pre-germinated seeds were evenly distributed in five
trays/replicates in a randomized block design. The
trays were covered with polypropylene film and kept
at a constant temperature of 27°C with a 16/8 h
photoperiod. When necessary, the sulfuric acid sol-
utions were replaced to assure desired pH levels. The
primary root length was measured on the first,
seventh and 15th days after the start of the experi-
ment. Tolerance was determined by the root tolerance
index (RTI) using the equation based on Rout et al.
(2000):

RTI %ð Þ ¼ mean root length of the treatment

mean root length of the control
� 100

2.5 Seedling Emergence and Growth

An additional experiment to assess tolerance to iron
dust was set up under greenhouse conditions. In this

Table 1 Average composition of the iron particulate matter
used in the germination and initial growth experiments

Parameters Dry basis (%)

Fe 67.17
FeO 0.96
SiO 1.1
Al2O3 0.3
CaO 0.1
MgO 0.2
P 0.04
S 0.003
Cu 0.006
Na2O 0.007
K2O 0.005
Mn 0.033
Moisture 9.6
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experiment, 480 seeds of each of the two species were
evenly sowed in 24 plastic pots (2.0 L, 9 cm ∅) filled
with soil collected from the ‘Paulo César Vinha’ State
Park. The soil composition and characteristics were
determined (Table 2). The treatments consisted of
different amounts of iron dust applied on the soil
surface. The iron dust doses were: 0.0, 3.0, 6.0 and
12.0 g, based on Lopes et al. (2000). The experiment
was designed in a randomized block arrangement
with six replicates per treatment, with each replicate
represented by one pot. Due to the sandy nature of the
soil, the pots were watered with distilled water every
2 days. The emergence of seedlings, indicated by the
expanded cotyledons, was recorded on the seventh,
14th, 21st and 28th days after the start of the
experiment. The final number of emerged seedlings
was expressed as mean percentage.

In order to evaluate the influence of iron dust on
the initial growth, 35 days after the start of the
experiment, the seedlings were thinned to two plants
per pot, which comprised the new experimental unit.
The number of leaves and height of the seedlings
were recorded monthly. Standard Hoagland solution
(100 mL) at 1/4 strength and pH 6.5 was applied
every 15 days. At the end of 180th day, the plants
were harvested.

The leaves, stem and roots were separated and
washed in distilled water. The roots were then rinsed in
a 1.0 mM ethylene diamine tetraacetic acid solution to
minimize tissue contamination by external Fe. The
total leaf area of each plant was measured using a plan
meter (Delta MK2—Delta Devices Ltd, England). All
plant parts were dried at 90°C and weighed. Later, a
0.5 g sample of the dried organ was subsequently wet-
digested in a nitric-perchloric solution (3:1 v/v), and
the total Fe content was determined by atomic
absorption spectrophotometry (GBC Avanta—GBC
Scientific Equipment Ltd, Australia) using a standard
curve of iron solution for accuracy (MERCK Stan-
dard Solutions) (Kampfenkel et al. 1995).

2.6 Statistical Analysis

The experimental data were submitted to analysis of
variance using a statistical program package (SAEG/
UFV). The means of each parameter examined were
further compared by Tukey’s test at P≤0.05.

3 Results

3.1 Germination and Root Tolerance Index

The germination of S. terebinthifolius was not
affected by the iron dust and acidity. However, the
germination of S. tomentosa was significantly (P≤
0.05) reduced by both pH and iron dust, but not by
the interaction of them (Fig. 1). During the germina-
tion period, most of the S. tomentosa seeds under iron
dust exposure developed a dark coloration on their
coats, followed by spoiling.

The RTI in S. terebinthifolius did not differ (P≤
0.05) from the control treatment, indicating that this
species was tolerant to the imposed treatments. In S.
tomentosa, however, RTI was negatively affected by
acid pH and iron dust (Table 3). In the presence of iron
dust, the radicles of S. tomentosa displayed stunted
growth, and their surfaces were covered by a notice-
able reddish-stained coat that probably originated from
the deposition of iron oxides or plaques (Fig. 2).

3.2 Seedling Emergence, Growth and Iron Content

The seedling emergence of S. terebinthifolius was not
affected (P≤0.05) by the different doses of iron dust

Table 2 Physical and chemical characteristics of the soil used
in the emergence and growth experiment

Characteristics Values

P (mg dm−3) 8
K (mg dm−3) 19
Na (mg dm−3) 0
Zn (mg dm−3) 0
Fe (mg dm−3) 10
Mn (mg dm−3) 0
Cu (mg dm−3) 0.2
Ca2+ (cmolc dm−3) 0.06
Mg2+ (cmolc dm−3) 0.02
Al3+ (cmolc dm−3) 0
pH 7.5
CEC(cmolc dm−3) 0.13
BSI (%) 100
Organic Matter (dag kg−1) 0.25
Granulometry (dag kg−1):
Coarse sand 93
Fine sand 1
Silt 1
Clay 5
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applied in this experiment (Table 4). In addition, the
iron dust treatments did not interfere with the growth
parameters of S. terebinthifolius. However, the emer-
gence of S. tomentosa was consistently reduced by
iron dust, even at the lowest dose applied (3.0 g).
Stem height, leaf area and nodule dry weights of S.
tomentosa were significantly reduced when the seed-
lings were exposed to iron dust. Roots of S.
tomentosa were also stained with a reddish coat that
could not be completely removed after the cleansing
process.

The Fe content in the organs of S. terebinthifolius
varied according to the treatment. The accumulation
was pronounced in the roots, but the pattern was also
observed in leaves and stems (Fig. 3). In S.
tomentosa, Fe content increased in the stem and roots
but decreased in the leaves (Fig. 3). Higher Fe content

(P≤0.05) was found in the leaves and stems of these
two species at doses 6.0 and 12.0 g of iron dust.

4 Discussion

Of the two species assessed, only S. tomentosa
germination was affected by the pH and iron dust
exposure, despite adequate rehydration of the seeds in
all treatments. The germination process in S. terebin-
thifolius was normal when compared to the control
treatment.

Acidity may alter seed physiology, thereby affect-
ing germination (Fan and Wang 2000). Low pH can

Fig. 2 Sophora tomentosa seedlings under different pH and
iron dust (ID) treatments. Iron plaque and dark seed coat areas
are indicated by arrowheads and arrows, respectively

Fig. 1 Germination of Schinus terebinthifolius and Sophora
tomentosa under different pH (6.5, 5.0 and 3.0) and iron dust
(0.0 and 0.6 mg mm−2) exposure. Significant differences

between pH levels and iron dust doses are indicated by upper-
and lowercase letters, respectively, at P≤0.05, according to
Tukey’s test. Bars represent mean ± standard error (n=4)

Table 3 Root tolerance index of Schinus terebinthifolius and
Sophora tomentosa for pH and iron dust (0.0 and 0.6 mg
mm−2) exposure

Treatment S. terebinthifolius S. tomentosa
Mean (%)

pH 6.5 100Aa 100Aa

pH 6.5 + Iron dust 94.61±4.47Aa 78.56±4.74Ab

pH 5.0 86.62±5.70Aa 35.00±1.66Ba

pH 5.0 + Iron dust 96.19±5.43Aa 18.9±1.13Bb

pH 3.0 86.63±5.69Aa 15.88±1.17Ca

pH 3.0 + Iron dust 94.50±4.75Aa 15.43±1.41Ba

Significant differences between pH levels and iron dust treat-
ments are indicated within the columns by capital and lower
case letters, respectively, at P≤0.05 according to Tukey’s test.
Mean ± standard error

(n=5).
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impair metabolic processes, including glycolysis, by
disrupting pH gradient balance within the cells. The
reduced germination rate and low RTI of S. tomentosa
observed at pH values of 5.0 and 3.0 might be related
to respiratory alterations in the embryo, which
apparently occurred even in the weaker acid condition
(pH 5.0). A limited supply of energy can interfere in
the radicle and hypocotyl growth, decreasing the
germination capacity of sensitive species (McColl
and Johson 1983), as S. tomentosa appears to be.

Color change in seed coat during germination is
usually related to phenol oxidation (Rashid et al.
2005). Phenols are commonly present in many parts
of the seeds, including the coat and embryo, and they
are primarily related to the regulation of seed
germination as well as to defense against herbivory
and pathogen infestation (Muscolo et al. 2004; Rashid
et al. 2005). Although S. terebinthifolus is rich in
polyphenols (Lima et al. 2006), no distinct color
alteration was observed on the seeds’ coats when iron
dust was present. The fast germination of the species,
which usually occurred within the first 48 h, could
have altered the seeds’ metabolism and contributed to
phenols degradation by enzymatic activity, as has
been reported for sunflower seeds (Hansel et al. 2001;
De Leonardis et al. 2006).

In contrast, the browning of the S. tomentosa seed
coat in the treatments with iron dust was probably due
to phenol oxidation by the metal. The presence of
elemental Fe0, as in iron dust, can cause oxidation of

phenol to quinines (Rush et al. 1995). Hydroquinone,
a reduced quinone, has a cytotoxic potential that can
diminish cell division rate and growth (El-Bargathi
and Asoyri 2007). In addition, increased Fe supply
can reduce respiratory capacity due to enzyme
inactivation by interaction with sulphydryl groups,

Table 4 Effects of iron dust in the emergence and initial growth parameters on cultivated plants of Schinus terebinthifolius and
Sophora tomentosa

Species Parameters Treatment

0.0 g 3.0 g 6.0 g 12.0 g

S. terebinthifolius Emerged seedling (%) 88.33±4.59A 80.83±3.27A 87.5±2.81A 82.5±3.35A

Stem height (cm) 11.88±0.84A 12.96±0.61A 13.46±0.92A 13.79±1.04A

Leaf number 14.75±1.12A 13.58±0.92A 16.25±1.12A 13.66±0.43A

Leaf area (cm2) 77.56±8.29A 85.52±2.51A 84.3±6.60A 97.75±6.61A

Total dry weight (g) 3.41±0.14A 3.32±0.42A 3.11±0.39A 3.33±0.20A

S. tomentosa Emerged seedling (%) 95±3.16A 75±2.74B 54.17±3.96C 50.83±4.36C

Stem height (cm) 18.36±1.92A 13.79±0.92AB 11.08±0.15B 10.33±0.57B

Leaf number 12.58±0.57A 12.75±0.67A 13.5±0.36A 13.33±0.42A

Leaf area (cm2) 269.92±22.35A 164.25±31.0B 135.72±9.04B 123.07±8.81B

Nodules dry weight (g) 0.57±0.10A 0.52±0.3AB 0.37±0.04AB 0.33±0.03B

Total dry weight (g) 4.07±0.95A 5.36±0.38A 3.71±0.22A 3.27±0.17A

Mean values ± standard error (n=6). Different letters between columns indicate significant difference at P≤0.05, according to Tukey’s
test.
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Fig. 3 Iron content in leaves, stem and roots of cultivated
Schinus terebinthifolius and Sophora tomentosa plants. Differ-
ent letters in the same organ indicate a significant difference
between treatments, according to Tukey’s test (P≤0.05). Bars
represent mean ± standard error (n=6)
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as was observed in Phragmites australis (Fürtig et al.
1999). Hence, it is thought that the oxidizing
characteristic of the iron dust might have accelerated
the oxidation of seed coat phenols and/or contributed
to the accumulation of internal Fe in the seeds of S.
tomentosa, which might have affected the germina-
tion process.

After the beneficiation of iron ore, metallic or
elemental Fe0 is generated, which is a form of iron
that is unavailable to plants. In the presence of water
and dissolved oxygen, the elemental Fe0 reverts to its
ferrous state Fe2+, which is readily absorbed by roots
(Azevedo and Chasin 2003; Schmidt 2003; Pereira
and Freire 2005). Nevertheless, Fe2+ in the surround-
ing rizosphere may react with oxygen and then
precipitate, forming mineral plaques of iron oxides
(Fe2O3), as were observed on the roots of some
wetland plant species (Tanaka et al. 1966); alterna-
tively, Fe2+ may be oxidized by enzymatic activity.
The presence of a reddish stain on the root surfaces of
S. tomentosa may indicate the formation of mineral
precipitates. On the roots of S. terebinthifolius, no
such stains were observed, indicating that iron
plaques had not been formed on the organ surface.
One of the reasons for the lack of iron plaques on the
S. terebinthifolius roots could be the chelation of
the iron by organic acids or polyphenols released by
the organ. This phenomenon could prevent both iron
precipitation and iron toxicity, as has been reported
for other plant species (Briat 2007).

Depending on size extension of the plaques formed
on the roots, they can either diminish the Fe2+ uptake,
preventing toxic levels, or interfere in the absorption
of other minerals by acting as a physical barrier (St.
Cyr. and Campbell 1996). In the first case, the plaque
could act as a protective barrier against metal
accumulation and the development of further oxida-
tive stress (Sinha et al. 1997). However, in the second
case, the growth and development of the roots can be
negatively affected due to inadequate nutrition
(Yamauchi 1989; Ye et al. 1998). The low RTI of S.
tomentosa might in part be linked to the plaque
formation phenomenon and the cytotoxic effect of
phenol oxidation.

Vegetation contamination by metals, including Fe,
has been observed in areas containing iron ore tailings
(Wong and Tam 1977; Alvarez et al. 2003). However,
in our experiment that tested the effects of iron dust in
the initial growth, the mean Fe content in the leaves

and stems of S. terebinthifolius or S. tomentosa did
not reach the toxic values reported for most plant
species, as cited by Pugh et al. (2002). However, in
the roots of both species, the levels exceeded the toxic
values of 500 ppm (Pugh et al. 2002). Despite this, S.
terebinthifolius exhibited no growth reduction or
injury symptoms as a result of Fe excess, which
suggests that the species is resistant to iron dust in the
soil.

Regardless the fact that the Fe content in the
leaves of S. tomentosa decreased as the amount of
applied iron dust increased, the content in the roots
increased and affected the seedlings' growth. The
reduced emergence and limited growth of S. tomen-
tosa indicate that, during the initial stages of seedling
establishment, this species was affected by the iron
dust in the soil. High levels of iron oxides in the soil
can lead to iron overlays on the roots which, like
the root plaques, affect the rizosphere interactions
(Hansel et al. 2001). The reddish coats on the roots of
S. tomentosa that were exposed to iron dust treat-
ments indicate the presence of iron oxide on the
organ surface and may explain the poor nodulation
and growth observed in this species. Indeed, high
levels of Fe applied to leguminous species can
interfere in the growth of aerial organs by obstructing
both nodulation and survival of the symbiotic
mycorrhiza, Rhizobium trifolli (Lie and Brotonegoro
1969; Whelan and Alexander 1985). Since the
distinction between iron overlays and plaques could
not be made, the iron precipitates observed on the
roots of S. tomentosa, and the remarkably high Fe
content of the organ can be partially attributed to the
ineffectiveness of the cleansing process, which could
have masked the true values.

5 Conclusion

Our results indicate that the two native species
assessed in this study might be differentially affected
by emissions of the iron ore industry under field
conditions. While S. terebinthifolius shows resilience
by not having its germination or growth affected, S.
tomentosa might be at a disadvantage upon acute
exposure to particulate matter, iron or acid once its
initial establishment is affected. Despite the fact that
the physiological implications of this abiotic stress
upon vegetation are still poorly understood, the
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resulting competitive imbalance, as a long-term conse-
quence, can affect the restinga flora composition.
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