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Metal bioaccumulation alleviates
the negative effects of herbivory
on plant growth

Grazieli F. Dueli®*, Og DeSouza®? & Servio P. Ribeiro®?

Metalliferous soils can selectively shape plant species’ physiology towards tolerance of high metal
concentrations that are usually toxic to organisms. Some adapted plant species tolerate and
accumulate metal in their tissues. These metals can serve as an elemental defence but can also
decrease growth. Our investigation explored the capacity of natural metal accumulation in a tropical
tree species, Eremanthus erythropappus (Asteraceae) and the effects of such bioaccumulation on
plant responses to herbivory. Seedlings of E. erythropappus were grown in a glasshouse on soils that
represented a metal concentration gradient (Al, Cu, Fe, Mn and Zn), and then the exposed plants were
fed to the herbivores in a natural habitat. The effect of herbivory on plant growth was significantly
mediated by foliar metal ion concentrations. The results suggest that herbivory effects on these
plants change from negative to positive depending on soil metal concentration. Hence, these results
provide quantitative evidence for a previously unsuspected interaction between herbivory and metal
bioaccumulation on plant growth.

Metalliferous soils are selective forces shaping plant species’ physiology towards tolerance to high metal con-
centration, usually toxic to living organisms'. These adapted plant species, called metallophytes?, are adjusted
to exclude, tolerate or accumulate metal ions in their tissues during their lives®=°. Often, the same plant may
be accumulating certain metals and tolerating/excluding others or changing its strategy according to seasonal
characteristics®.

Metallophytes that accumulate high concentrations of metal in their tissues are called hyperaccumulators’.
Plants that do not fit hyperaccumulation patterns have been named only accumulators, and the tissue metal con-
centrations are between those of non-accumulators and hyperaccumulators®. These criteria are not absolute but
may serve as a guide to characterise metal ions accumulation until physiological processes are better explained®.
Finally, these values may vary according to the geographic region of the plant, as demonstrated by Metali et al.'’.

The drivers for the evolution of metal accumulation are still subject of debate!!. Several hypotheses have been
proposed to explain this strategy, such as: (i) plant protection against pathogens and herbivores or “elemental
defence hypothesis”'?; (ii) a competitive advantage over non-accumulating plants by allelopathy>'*4, which
occurs when hyperaccumulating plants enrich the surrounding soil with metallic leaves, making the environment
toxic to non-tolerant plants'?; (iii) the remediation of metabolic defects, as demonstrated by Freeman et al.!®in
which the Ni hyperaccumulator Thlaspi (Brassicaceae) reversed the hypersensitivity to pathogens; (iv) a drought
tolerance mechanism'”'® and (v) an accidental consequence for more effective nutrient absorption'”. From these
hypotheses, “elemental defence” is the most investigated one, based on both the death of herbivores that ingest
the hyperaccumulating plant tissues'? and on the deterrent action of metals that prevent the ingestion of plant
tissues by herbivores'®. A synergistic action of herbivory and metal bioaccumulation on plant growth, however,
has never been reported, to the best of our knowledge.

As herbivory is one of the causes of decreased plant fitness'>*, accumulating metals without affecting plant
physiology*! can be an effective and a low-cost defence strategy. Metals, unlike organic compounds, cannot
be degraded by herbivores'>. Noret et al."! showed that some accumulators synthesised fewer secondary com-
pounds than non-accumulating plants, reducing their energy expenditure in defence against herbivores. The
costs of adapting to metalliferous soils are associated with the energy expended by the plant to detoxify the metal
ions and might reflect in reduced growth rates®>-** as well as limited energy expenditure in development and
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reproduction**?®, Thus, minimising herbivory through metal accumulation could be an evolutionary compensa-

tion for the physiological costs of metal accumulation?.

Various studies corroborate the hypothesis of elemental defence in hyperaccumulating plants . However,
recent studies?”*>* have also shown that low levels of accumulated metals (Cd, Mn, Ni, Pb and Zn, for example)
in plants may likewise reduce herbivory. Coleman et al.*? believe that the elemental defence hypothesis should
be more widespread among plants than has been demonstrated. According to Boyd**, many elements still need
to be further tested (e.g., Al, B, Fe).

Soils rich in metals are abundant in the tropics and very typical of the Ferriferous Quadrangle (FQ) region,
in the central portion of the State of Minas Gerais, Brazil. In the Canga (ironstone crops) of the FQ, studies have
documented different woody species that hyperaccumulate metals in their leaves®?, but studies on the ecologi-
cal effects of metal accumulation are still scarce for such plant species. Among the hyperaccumulating species of
the FQ, Eremanthus erythropappus DC. MacLeish (Asteraceae) stands out. Eremanthus erythropappus, popularly
known as candeia, is a deciduous, heliophytic and xerophytic tree. It can be found in Southeastern Brazil in
high-montane or subtropical ombrophilous forests*’. Candeia occurs in habitats harsh for non-adapted species
to survive, such as shallow, nutrient-poor and rocky soils at altitudes between 900 and 1800 m*. Furthermore,
candeia occurs on metal-rich soils, where they form monodominant forest stands called “candeial”. Adult indi-
vidual trees in a candeial accumulate metal ions in their leaves, with considerable effects on herbivory levels?.

In the present study, E. erythropappus were grown in soils with different metal concentrations (Al, Cu, Fe, Mn
and Zn) to test the hypothesis that bioaccumulation of metals in E. erythropappus represents a trade-off between
two conflicting effects of metals: (i) their impairment of plant growth and (ii) their deterrence of herbivory. If
this is so, we predict that physiological costs related to metal bioaccumulation would be compensated for by the
herbivory inhibition effects on the growth of such plants. The results of our study showed how an environmental
constraint, here represented by the excess of metals in the soil, changed the herbivore-plant interaction from
negative to positive, positively affecting the growth of candeia.
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Results

Raw data are presented in Supplementary Tables S1 and S2 and Supplementary Figure S1 online. Under the
effects of metal and in the absence of herbivory in the glasshouse, the mean seedling growth over 305 days
(10 months) was 89 cm, ranging from 17 to 173.5 cm. The concentrations of AI**, Cu**, Fe?*, Mn** and Zn?** in
the candeias’ leaves did affect the candeias’ growth (Fig. 1, Table 1, Table S1 online). In the field experiment, 58
out of 68 plants used were attacked by herbivorous invertebrates (85.3%), but the mean percentage of leaf area
lost (0.95%) was extremely low. The average number of attacked leaves was nine leaves per plant, ranging from
0 up to 39 leaves. Most importantly, the concentration of AI**, Cu?*, Fe**, Mn?* and Zn** in the candeias’ leaves
did affect herbivory (Table 2).

Under the combined effects of metal and herbivory, the candeias’ growth reached a mean of 89.5 cm in
4 months, ranging from 18.5 cm up to 181.0 cm. The effect of herbivory on the candeias’ growth was significantly
mediated by their AI’*, Cu?>* and Zn** foliar contents (Figs. 1 and 2, Tables 2 and 3), supporting our hypothesis.
Under maximal Al concentration (469.6 mg kg™'), plant growth was negatively impacted by increasing her-
bivory (red lines in all panels of Fig. 1), but this negative effect was reversed under minimal Al concentration
(18.65 mg kg™?, green lines in all panels of Fig. 1). However, under average Al concentration, herbivory effects
on plant growth depended on leaf Cu concentration, starting from negative effects at minimal Cu concentration
(6.2 mg kg™!) and reverting to positive effects at maximal Cu concentration (27.15 mg kg™"). Plants with the high-
est concentration of Cu, under minimal Al concentration, showed the strongest positive effects of herbivory on
plant growth (green lines of Fig. 1). The Zn concentrations of leaves did not affect the slope of curves describing
herbivory, even though it affected the ‘baseline’ value of plant growth (that is, the growth under zero herbivory
or the intercept value for all curves of Fig. 1).

As the Cu concentrations in leaves increase, so does the strength of the positive effects of herbivory on plant
growth under mean and minimal Al concentrations, as shown by the increasing slope of green and yellow lines
of Fig. 1. Copper concentration, however, did not affect herbivory under maximal Al concentration (red lines
of Fig. 1). Conversely, the Zn concentration seems not markedly relevant for any reversion of the relationship
between plants and herbivores. Its only observable effect was a mild increment of plant growth as Zn concen-
tration increases for all titres of Al and especially under low Cu concentration and under zero herbivore attack
(Figs. 1 and 2).

Discussion

Candeia trees accumulated metal ions in their leaves in concentrations smaller than the values found in typi-
cal hyperaccumulator organisms’, despite growing in soils rich in metals. The concentrations of metal ion in
the leaves of candeia trees did not reflect the concentrations of metals in the particular soil in which the plants
developed within the 7-level gradient of our experiment (Table 4, Table S1 online), similar to that found in other
studies***. This uncorrelated accumulation can be related to the physical-chemical characteristics of the soils*!
and their organic matter contents, which interfere with the adsorption of metallic ions by the plants®*.

The average level of herbivory found in this study was very low (0.95%) (Table S1 online) as compared to
the one reported for adult trees of this plant species in natural conditions (2.8%)* or to other sympatric species
found in these forests but adapted to deeper and more nutrient-rich, swampy soils**. The herbivory was indeed
very low at all metal ion concentrations tested, about 10 times lower than the global average*+°. Despite that,
the accumulated metal ions affected both the growth of candeia seedlings and the herbivory on their leaves,
in agreement with another study from the same region”. Even at low concentrations, metals may increase or
potentiate their toxic effects on organisms when they are co-accumulated”*”*, Co-accumulation seems to be
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Figure 1. The effects of herbivory on the growth of candeia plants mediated by Al (aluminium), Cu (copper)
and Zn (zinc) foliar content (mg kg™"). Leaf content in Zn and Cu increases from top left to bottom right.
Curves represent the candeias’ growth in minimal (min [Al]—green lines in all panels), average (mean [Al]—
yellow lines in all panels) and maximal (max [Al]—red lines in all panels) as detected in leaves. Some curves for
maximum [Al] have been reallocated 20 units higher, to ease visualization.

Model | (Int) Al Cu Fe Mn |Zn df |logLik AICc |A Weight
1 89.04 2 —331.43 | 667.0 |0.00 |0.21

2 71.51 |0.09021 3 —330.61 | 667.6 |0.56 |0.159
18 108.70 | 0.13380 -043 |4 —329.68 | 668.0 |0.95 |0.131
26 108.10 | 0.14750 0.01 |-0.6 5 —328.63 | 668.2 | 1.19 |0.12

3 77.71 0.79330 3 —-331 668.4 | 132 |0.11

9 79.48 0.01 3 —331.06 | 668.5 |1.45 |0.1

17 110.40 =02 3 —331.19 | 668.8 | 1.71 |0.09

5 83.17 0.01 3 —331.23 | 668.8 | 1.79 |0.086

Table 1. Model selection table—model with substantial empirical evidence (A <2) predicting metal effects
in candeias’ growth (growth_ratel) cultivated in soils with different metal concentrations in a glasshouse in
the absence of herbivory. Explanatory variables are metal concentrations (Al, Cu, Fe, Mn and Zn). Models
are based on 68 independent observations (plants) and refer to a multiple regression with generalized linear
models under Gaussian and identity-link function. Int =Intercept, df = degrees of freedom used by the model,
Loglik =log-likelihood, AICc = Second-Order Akaike Information Criterion, A= AICc difference between the
model under concern and the best model, Weight = Akaike weight, that is, the likelihood of the present model
being the best in the candidate set. Global model: growth_ratel ~ (Al+ Cu+Fe+Mn +Zn).
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Model (Int) Al atc_lvs | Cu Fe Mn Zn Al:atc_lvs | Cu:atc_lvs | Zn:atc_lvs | df | logLik AICc | A Weight
232 46.090 | -0.1354 |2.380 0.07 0.58 -0.02443 | 0.19 8 | -311.98 |642.4 |0.00 |0.238
104 20580 | —0.1318 |5.838 1.66500 0.6 - 0.02740 7 | -31344 |6427 [035 |0.200
1192 ~5969 | -0.2250 |8.780 ~0.83430 1.3010 0.28 -0.10780 |8 | -312.28 [643.0 |0.61 |[0.175
1256 - 4480 | -0.1580 |8.952 ~0.35770 11270 | -0.01832 |0.23 -007453 |9 | -311.05 |643.2 |0.82 |[0.158
1200 -6.675 | -0.1875 |8.711 -1.03800 | -0.03 1.3860 0.3 -0.11080 |9 | -311.26 |643.6 |122 |0.129
248 49.150 | —0.1239 |2.028 ~0.03668 001 |0.5050 | —0.02482 |0.22 9 | —31152 |6441 |174 |0.100
Table 2. Model selection table—model with substantial empirical evidence (A <2) predicting metal and
herbivory effects in candeias’s growth (growth_rate). Plants were initially cultivated in glasshouse on soils
with different metal concentrations and then transplanted to the field. Explanatory variables include (1) metal
concentrations (Al, Cu, Fe, Mn and Zn) and (2) number of leaves attacked by herbivores (atc_lvs). Models
are based on 68 independent observations (plants) and refer to a multiple regression with generalized linear
models under Gaussian and identity-link function. Int=1Intercept, df = degrees of freedom used by the model,
Loglik =log-likelihood, AICc = Second-Order Akaike Information Criterion, A= AICc difference between the
model under concern and the best model, Weight = Akaike weight, that is, the likelihood of the present model
being the best in the candidate set. Global model: growth_rate ~ (Al + Cu+ Fe + Mn + Zn)* atc_lvs.
Zinc accumulation in plant leaves
does not change the effect of herbivory.
Summary: slopes of the curves
[zn] Herbivory shows positive effects
on plant growth if leaves present
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Figure 2. The positive and negative effects of herbivory on candeia plants growth, as determined by metal
bioaccumulation in these plant leaves. Here we show a summarised view of the plots presented at this figure.
Plus (+) and minus (-) signs represent the slope of the curves describing the effects herbivory on plants growth.
Each cell in this table is a single curve in the plots of Fig. 1. Metal content on leaves is indicated as in Fig. 1.

advantageous because plants can benefit from elemental defences by accumulating lower concentrations of each
metal in their tissues*”

Most importantly, though, the present experiment suggested that interactions classically considered negative,
such as herbivory, might shift to positive depending on specific ecophysiological conditions. Namely, the negative
effects of herbivory can be reversed depending on the environmental stress, here represented by Al, Cu and Zn
(see Figs. 1 and 2, Table 3). Examples of reversed outcomes of species interactions were presented by Bronstein*
who showed that these interactions are not static. They can change from positive to negative (or vice versa) and
fluctuate in their intensities according to the costs and benefits they provide to organisms™.

The reversion of the herbivore-plant interaction output is not at all novel, being well explained in the litera-
ture as a compensatory effect. The compensatory effect is the ability of plants to compensate for adverse effects
caused by tissue loss, recover organic functionality and maintain normal growth after damage?®?. This has been
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Estimate Std. error t value ‘ Pr(> |z|)
y=mean growth of Eremanthus erythropappus

(Intercept) 46.09 32.25 143 0.1580
Al -0.14 0.08 -175 0.0845
Cu 0.07 1.22 0.05 0.9571
Zn 0.58 0.27 2.19 0.0323*
atc_lvs 2.38 2.92 0.82 0.4185
Al:atc_lvs -0.02 0.01 -2.14 0.0366*
Cu:atc_lvs 0.19 0.12 1.64 0.1067

Table 3. Best model among all those with empirical evidence (model # 232 of Table 2) predicting metal and
herbivory effects on candeias’ growth (y). Plants were initially cultivated in glasshouse on soils with different
metal concentrations and then transplanted to the field. Codes for variables are the same as in Table 2. This was
the model chosen to plot Fig. 1 *P <0.05, **P <0.01, ***P <0.001.

Soil volume
% soil (L) Metal concentrations in each soil level (mg kg™)
Soillevels | PV | PEIT |PV | PEIT | Al Cu Fe Mn Zn
1 100 0 8.0 |0.0 15,522.00 | 11.77 | 42,505.00 92.16 6.95

85 15 68 |12 33,402.00 |33.73 | 78,667.25 |260.37 42.72
70 30 56 |24 44,130.00 | 46.92 | 100,364.60 | 356.50 64.17
55 45 44 |36 51,282.00 |55.71 |114,829.50 |422.58 78.48
40 60 32 |48 58,434.00 | 64.47 |129,294.40 | 488.66 92.78
25 75 2 6 69,162.00 |77.68 |146,782.28 |587.79 | 114.65

0 | 100 0.0 |8.0 87,042.00 |99.65 |187,154.00 |753.00 | 150.00

N g b w|N

Table 4. Percentage and volume of soil used in each combination from Itacolomi State Park (PEIT) and Padre
Viegas (PV) to compond the 7 soil levels and metal concentration (mg kg™) in the soils of each level at which
the plants (Eremanthus erythropappus) were cultivated.

demonstrated in plants suffering small amounts of damage by herbivores**!-%. This effect may reflect better
physiological responses, such as nutrient storage and higher photosynthetic rates, resulting in substantial plant
growth regardless of trade-offs caused by a background of herbivory, when it is rather low®"*%. The mecha-
nisms behind the compensatory effect are complex and involve physiological, developmental and environmental
eﬁect522,51,52,54,55.

The deleterious effects of metals in the early stages of development for plants that are not adapted to metal-
rich soils are known®. However, we showed in a metal-rich soil specialist, that metal ions accumulation might
be beneficial if the concentrations of metal ions are more toxic to the herbivores than to the plants™. It is worth
noting that among such bioaccumulated metal ions, there are two micronutrients, Cu and Zn, with impor-
tant biochemical and physiological functions in plants®, and Al, which besides having unknown biological
function®%!, can be toxic depending on its concentration. The maximum concentrations of Cu (27.15 mg kg™)
and Zn (123.8 mg kg™!) in the leaves were beneficial to the plants and this may be related to the role that these
elements have as micronutrients. In contrast, Al at the maximum concentration in the leaves (469.6 mg kg™)
was detrimental to the plants.

One relevant evolutionary aspect is that Cu and Zn in excess can induce metallothionein production, which
acts both as a regulator of oxidant stress and decontaminant of metals. However, this protein is known to act only
on those elements at the fourth to the fifth period in the Periodic Table, which are micronutrients®*%’. Aluminium
is not a heavy metal and is far from the chemical characteristics of the former cited elements. In plants, the pro-
cess of AI** uptake depends on soil pH and the chemical environment of the rhizosphere®. Although vascular
plants have evolved strategies to detoxify Al by storing it in phytoliths®>*® or using exclusion mechanisms®, its
toxicity may mitigate, often resulting in a decrease in plant growth®’-*°. To measure the impact of Al on plant
growth, it is necessary to consider other variables such as metal concentration and particular characteristics of
each genotype within the same species (growth conditions, physiological age and time of exposure to metal)®.

The response of plants to herbivory is quite complex and depends on the environment, genetics, developmen-
tal stages, induced responses and affected tissues?>**7°. The present investigation evidenced that leaf metal ions
concentration may shift the herbivore-plant interaction, reducing its antagonism. Aluminium concentrations
seems the most responsible for reversing herbivory effects in plants, irrespective of Zn and Cu concentrations.
Copper concentration seems also relevant, being able to modulate the strength herbivore effects on plant growth,
at least for leaves holding minimal to medium Al concentration (but not for plants under maximal Al content)
(Figs. 1 and 2, Table 3). The present investigation brings about a new approach to herbivore-metallophyte inter-
action and suggests a new evolutionary possibility for the metal accumulations. The results corroborate the
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existence of an evolutionary mechanism of compensatory effect that acts on herbivore-plant interaction, modu-
lated by metals. In this environment of little herbivory, there might even be the possibility of the herbivore-plant
interaction contributing to faster plant growth by some mechanism that is not yet well understood.

Differences in the compensatory effect on herbivory levels might vary between life stages®, as studied by
Massad”!, who showed the negative effect of herbivory only on the growth of seedlings. We acknowledge that such
metal-mediated compensatory effect worked for our seedling system, which suffered very little herbivory. Because
the plants might be protected by high metal ion concentration in the leaves during the early establishment, this
positive metal effect could have long survival consequences. We cannot assure that this mechanism prevails in
adult trees that suffer greater and lifelong cumulative herbivory attacks. Studies with metal ion accumulator
plants are still scarce*® and are necessary to better understand the strategies used to deal with excess metals in
the soil. More studies are needed to assess the impacts of the accumulation of metals on candeias lifelong fitness.

The novelty in the present work is to quantitatively show that such a reversion of herbivore-plant interaction
may be mediated by metal bioaccumulation, a factor usually regarded as a deterrent to plant growth. The results
suggest that metal ions decreased herbivore attack capacity and, due to the low herbivory levels, there followed
a compensatory effect on the costs of accumulating metals in the leaves, promoting candeia growth. In this
sense, there was an herbivore-plant interaction that was modulated by the metal contents (AI**, Cu** and Zn?")
in candeia leaves, stimulating the reversion of the negative effects of herbivory on plant growth.

Material and methods

Rationale. This study complies with the relevant regulations of Brazil, including permission from landown-
ers to conduct the study on their site. Tacit approval from the Brazilian Government is implied by the hiring of
authors as scientific researchers. No protected species were sampled. No genetic information was accessed. This
research was registered in the Brazilian National System for the Management of Genetic Heritage (SISGEN)
under number AC3EEGF.

Glasshouse and field bioassays were concatenated to investigate our hypothesis. The initial development of
plants on soils arranged in a gradient of metal content and without herbivory, was monitored in a glasshouse.
Then these plants were exposed to natural herbivory by transferring them to the field. Finally, herbivore attack
and metal bioaccumulation in these plants’ leaves were measured, to verify how these affected plant growth. This
experimental design allowed the separation of the deleterious effects of metal ions bioaccumulation per se, from
the combined effect of metals and herbivory on plant growth (Fig. 3).

Study sites and soil sampling.  Soils were sampled in two areas with different metal concentrations in the
Itacolomi State Park (PEIT) and Padre Viegas (PV) rural areas. Both are located in the FQ, the region with the
largest iron ore production in the world.

PEIT is a park at a high altitude (900 to 1772 m above sea level), located in the Ouro Preto and Mariana
municipalities (20°22'30”-20°30'00" S and 43°32'30"-43°22'30" W)7?, at the southern portion of the Espinhaco
Mountain”, near the south border of the Sdo Francisco Craton” in Minas Gerais State, Southeastern Brazil. It
occupies an area of approximately 70 km?. Soils of the region evolved on lithological material, consisting mainly
of schists, phylites, and quartzites. They are shallow (Litolics) to moderately deep (Cambisoils), containing easily
weathered primary minerals. In these soils, high concentrations of metals such as Al, As, Ba, Cd, Co, Cr, Fe, Pb,
Mn and Zn are found (see Table S2 online).

Padre Viegas is a rural area (700 m above sea level) in the Mariana municipality (20°23'44.9" S, 43°20'55.5"
W), 9 km away from downtown and 50 km from PEIT. The region occupies about 178 km? and is inserted in
the lithological Nova Lima group, formed by mafic-ultramafic volcanic rocks, secondary volcanic felsic rocks,
and sedimentary chemical and clastic rocks. These rocks contain the main gold deposits of the FQ”®, which
generated intense mineral exploration in the region in the eighteenth century. This region where collections
were made has deep soils (Latosols) and lower concentrations of Fe, Mn, Al, Zn and Cu compared to the PEIT
soils (see Table S2 online).

Candeias’ development (glasshouse bioassay). The candeias used in this experiment were acquired
from the State Institute of Forestry’s seedling nursery, in tubes of 110 cm?’. Seventy seedlings, initially 32 cm high
on average and 6 months old, were transplanted into 8 L plastic pots filled with a soil combination from PEIT
and PV. Soils were mixed together in different proportions, constituting a concentration gradient of metals rang-
ing from 100% of PEIT soil to 100% of PV soil, arranged in seven levels: level 1 (0% PEIT and 100% PV), level
2 (15% PEIT and 85% PV), level 3 (30% PEIT and 70% PV), level 4 (45% PEIT and 55% PV), level 5 (60% PEIT
and 40% PV), level 6 (75% PEIT and 25% PV), level 7 (100% PEIT and 0% PV) (Table 4). Because metal content
is lower in PV as compared to PEIT, higher proportion of the latter would provide higher metal content levels.
Each of the soil levels was divided into 10 individual planting pots, where one sole plant was transplanted and
left to grow. Plants were kept in the ICEB s glasshouse at the Federal University of Ouro Preto with irrigation
automatically provided by a sprinkler system, ensuring relative air humidity of 65% and temperature of 24 °C
(Fig. 3). The seedlings’ growth was monitored in the glasshouse, by monthly measurement of plant height over
10 months.

Herbivory test and plant growth (field bioassay). After 10 months in the glasshouse, plant pots were
translocated to the PEIT, in an area dominated by a candeial. Within this habitat, five microhabitats (blocks)
with different gradients of vegetation density were selected, ranging from open, sunny, vegetation to shadowed,
relatively dense woody vegetation. Fourteen plants were placed in each block (2 of each soil level), totalling 70
plants. Plants were monitored every 20 days until the end of the field experiment, that is, for 4 months (Fig. 3).
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Figure 3. Schematic view of the experiments. We mixed two types of soil, one with low metal content (PV) and
another with high metal content (PEIT) varying proportions to produce increasing levels of metal content in the
resulting soil mix. Then, seedlings of candeia were grown on these soil mixes for 10 months in a glasshouse, free
of herbivores. This has allowed us to access the effects of metal on plant growth independently of the effects of
herbivory. After that, we took the plants to the field, where they have been exposed to herbivory for 4 months.
We inspected leaves for signs of herbivory and measured the metals bioaccumulated in these leaves, so that to
analyse the combined effects of metal and herbivory on plant growth.

At each monitoring event, the number of leaves with any sign of chewing on each plant was counted, based on
Ribeiro and Basset’®””. The chewed leaves were marked to avoid re-counting them in the next monitoring. Dur-
ing the experiment two plants died by unknown causes. After 4 months in the field, the candeias were taken back
to the glasshouse and the height of each plant was measured again. All leaves were collected and saved in paper
bags. To measure the lost leaf area, 20 leaves of each plant were randomly sorted and scanned (Fig. S1 online).
From the images, the percentages of lost leaf area were calculated using Sigma Scan software. Approximately 5 g
of leaves per plant were used to analyse metal concentrations (Al, Cu, Fe, Mn and Zn).

Soil metals analyses. Soil samples were dried at 40 °C and passed through a fine-mesh sieve (2 mm).
About 1.0 g of each sample was weighed in a 100 ml beaker. A small amount of Milli-Q water and 9.3 ml of aqua
regia. (7.0 ml of HCI 37% w/w and 2.3 ml of HNO; 65% w/w) were added. After stirring, the beaker was covered
with a watch glass and kept at room temperature for 16 h for pre-digestion. After this, the covered beaker was
placed on the hot plate (90-100 °C) for 2 h. After cooling, the mixture was filtered, using JP-41 filter paper with
9 cm @ (Quanty). The residue was washed with Milli-Q water, collecting the filtrate in a 50 ml volumetric flask.
The filtrate was analysed by an atomic emission spectrometer with inductively coupled plasma (ICP-OES, Spec-
tro/Ciros CCD) at the Laboratory of Geochemistry from the Federal University of Ouro Preto, Minas Gerais
state, Brazil.

Metals concentration in leaves. Leaf samples were dried at between 68 and 72 °C for 72 h and ground
using stainless steel knife mill. To quantify metal concentrations (Al, Cu, Fe, Mn and Zn), 0.5 g of ground
leaves were transferred to digestion tubes. After this, the samples were placed in the fume hood and 10 ml of
HNO;+HCIO, (4:1) were added. The samples were heated using a hot plate at 80 °C and the temperature was
gradually increased until 200 °C. As soon as the extract became crystalline, the samples were removed from the
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plate to cool and their volumes were completed with 25 ml of demineralised water. Metals were quantified using
an optical emission spectrometer with inductively coupled plasma (ICP-OES; Perkin Elmer Model Optima 8300
DV), at the Laboratory of Plant Tissue Analysis, from the Federal University of Vicosa, Minas Gerais State, Bra-
zil. The equipment was calibrated with a multi-element solution in the same matrix as the samples at different
concentrations.

Statistical analyses. Data were analysed through model selection as suggested by Burnham and
Anderson’®. The R” package MuMIn helped to identify models sharing substantial empirical evidence, that is
(i) the best model—the model presenting lower AIC—and (ii) all the other equally probable models, which are
those whose AIC differs less than 2 units from the best model. When needed for illustrative purposes the best
model was chosen to build graphs. The use of the Second-Order Information Criterion (AICc) improved penalty
to complex models built on a limited dataset. To keep ourselves at an acceptable level of reasoning complexity,
we used the following strategy of model interpretation: (i) when inspecting the biological importance of explana-
tory variables (herbivory and metal content in the leaves) in general, we refer to all models sharing substantial
empirical evidence; (ii) when interpreting the biological effects of a given model term in particular, we restrained
ourselves to the best model only.

To confirm whether or not that metal accumulations affected plant growth, the following global model was
applied to the data: growth_ratel ~ (Al + Cu + Fe + Mn + Zn), in which growth_ratel is the plant growth affected
only by metals (that is, the candeias’ growth rate from the beginning of the greenhouse bioassay until before
they were taken to the field; see M&M and Fig. 3) and Al, Cu, Fe, Mn and Zn are these metal concentrations in
candeias’ leaves.

To test the hypothesis that metal accumulations affected the percentage of leaf area lost by candeias as a
consequence of herbivory, the following global model was applied: perc_cons_area ~ (Al+ Cu +Fe +Mn + Zn),
in which perc_cons_area is the percent of the total leaf area that was consumed by herbivores after 4 months of
the field experiment.

To test the hypothesis that metal accumulation in plants tissue and herbivory can affect plant growth, the
following global model was applied: growth_rate ~ (Al+ Cu+Fe+Mn +Zn) * atc_lvs, in which growth_rate
is the growth of plants affected by metals and herbivory (that is, the growth rate of the plants after they were
grown on heavy metal soils in the greenhouse and then submitted to the herbivores in the field), Al, Cu, Fe, Mn,
Zn are these metal concentrations in candeia’s leaves and atc_lvs is the number of leaves presenting any sign of
herbivore attack after 4 months of the field experiment. The asterisk (*) indicates statistical interactions between
metal concentrations and herbivory levels.

Data availability

The data generated and analysed during this study are included in this published article (and its Supplementary
Information files). The images generated and analysed during the current study are available in the Zenodo
repository, https://zenodo.org/record/4642115# YF_ABRLQ-f8.

Received: 14 December 2020; Accepted: 8 September 2021
Published online: 24 September 2021

References
1. Pollard, A.]., Reeves, R. & Baker, A. J. M. Facultative hyperaccumulation of heavy metals and metalloids. Plant Sci. 217-218, 8-17
(2014).
2. Whiting, S. N. et al. Research priorities for conservation of metallophyte biodiversity and their potential for restoration and site
remediation. Restor. Ecol. 12, 106-116 (2004).
3. Baker, A. J. M. Accumulators and excluders—Strategies in the response of plants to heavy metals. J. Plant Nutr. 3, 643-654 (1981).
4. Ernest, W. H. O. Evolution of metal hyperaccumulation and phytoremediation hype. New Phytol. 146, 357-358 (2000).
5. Pollard, A.J., Powell, K. D., Harper, E. A. & Smith, ]. A. C. The genetic basis of metal hyperaccumulation in plants. Crit. Rev. Plant
Sci. 21, 539-566 (2002).
6. Antosiewicz, D. M. Adaptation of plants to an environmental polluted with heavy metals. Acta Soc. Bot. Pol. 61, 281-299 (1992).
7. Brooks, R. R, Lee, J., Reeves, R. D. & JaVré, T. Detection of nickeliferous rocks by analysis of herbarium specimens of indicator
plants. J. Geochem. Explor. 7,49-77 (1977).
8. Jansen, S., Broadley, M., Robbrecht, E. & Smets, E. Aluminium hyperaccumulation in angiosperms: A review of its phylogenetic
signifficance. Bot. Rev. 68, 235-269 (2002).
9. van der Ent, A,, Baker, A. J. M., Reeves, R. D,, Pollard, J. & Schat, H. Hyperaccumulators of metal and metalloid trace elements:
Facts and fiction. Plant Soil 362, 319-334 (2013).
10. Metali, F, Salim, K. A. & Burslem, D. E. R. P. Evidence of foliar aluminium accumulation in local, regional and global datasets of
wild plants. New Phytol. 193, 637-649 (2012).
11. Noret, N., Meerts, P, Vanhaelen, M., Dos Santos, A. & Escarré, ]. Do metal-rich plants deter herbivores? A field test of the defence
hypothesis. Oecologia 152, 92-100 (2007).
12. Martens, S. N. & Boyd, R. S. The ecological significance of nickel hyperaccumulation: A plant chemical defense. Oecologia 98,
379-384 (1994).
13. Boyd, R. S. & Martens, S. N. The significance of metal hyperaccumulation for biotic interactions. Chemoecology 8, 1-7 (1998).
14. Hanson, B. et al. Selenium accumulation protects Brassica juncea from invertebrate herbivory and fungal infection. New Phytol.
159, 461-469 (2003).
15. Rascio, N. & Navari-Izzo, F. Heavy metal hyperaccumulating plants: How and why do they do it? And what makes them so inter-
esting?. Plant Sci. 180, 169-181 (2011).
16. Freeman, J. L., Garcia, D., Kim, D., Hopf, A. & Salt, D. E. Constitutively elevated salicylic acid signals glutathione-mediated nickel
tolerance in Thlaspi nickel hyperaccumulators. Plant Physiol. 137, 1082-1091 (2005).
17. Vesk, P. A. & Reichman, S. M. Hyperaccumulators and herbivores—A Bayesian meta-analysis of feeding choice trials. J. Chem.
Ecol. 35, 289-296 (2009).

Scientific Reports |

(2021) 11:19062 | https://doi.org/10.1038/s41598-021-98483-x nature portfolio


https://zenodo.org/record/4642115#.YF_ABRLQ-f8

www.nature.com/scientificreports/

18. Pollard, A. J. & Baker, A. J. M. Deterrence of herbivory by zinc hyperaccumulation in Thlaspi caerulescens (Brassicaceae). New
Phytol. 135, 655-658 (1997).

19. Ribeiro, S. P. & Brown, V. K. Insect herbivory in tree crowns of Tabebuia aurea and T. ochracea (Bignoniaceae): Contrasting the
Brazilian Cerrado with the wetland Pantanal Matogrossense. Selbyana 20, 159-170 (1999).

20. Strauss, S. Y., Rudgers, J. A., Lau, J. A. & Irwin, R. E. Direct and ecological costs of resistance to herbivory. Trends Ecol. Evol. 17,
278-285 (2002).

21. Hossain, M. A., Piyatida, P, Teixeria da Silva, J. A. & Fujita, M. Molecular mechanism of heavy metal toxicity and tolerance in
plants: Central role of glutathione in detoxification of reactive oxygen species and methylglyoxal and in heavy metal chelation. J.
Bot. 2012, 01-37 (2012).

22. McNaughton, S. J. Compensatory plant growth as a response to herbivory. Oikos 40, 329-336 (1983).

23. Kozlov, M. V, Lanta, V., Zverev, V. E. & Zvereva, E. L. Delayed local responses of downy birch to damage by leafminers and leafrol-
lers. Oikos 121, 428-434 (2012).

24. Maestri, E., Marmiroli, M., Visioli, G. & Marmiroli, N. Metal tolerance and hyperaccumulation: Costs and trade-offs between
traits and environment. Environ. Exp. Bot. 68, 1-13 (2010).

25. Khan, A. et al. Heavy metals effects on plant growth and dietary intake of trace metals in vegetables cultivated in contaminated
soil. Int. . Environ. Sci. Technol. 16, 2295-2304 (2019).

26. Barceld, J. & Poschenrieder, C. Respuestas de las plantas a la contaminacion por metales pesados. Suelo y Planta 2, 345-361 (1992).

27. Ribeiro, S. P. et al. Plant defense against leaf herbivory based on metal accumulation: Examples from a tropical high altitude
ecosystem. Plant Spec. Biol. 32, 147-155 (2017).

28. Boyd, R. S. & Martens, S. N. Nickel hyperaccumulated by Thlaspi montanum var. montanum is acutely toxic to an insect herbivore.
Oikos 70, 21-25 (1994).

29. Boyd, R. S. & Jhee, E. M. A test of elemental defence against slugs by Ni in hyperaccumulator and non-hyperaccumulator Strept-
anthus species. Chemoecology 15, 179-185 (2005).

30. Freeman, J. L. et al. Selenium accumulation protects plants from herbivory by Orthoptera due to toxicity and deterrence. New
Phytol. 175, 490-500 (2007).

31. Mathews, S., Ma, L. Q., Rathinasabapathi, C. & Stamps, R. H. Arsenic reduced scale-insect infestation on arsenic hyperaccumulator
Pteris vittata L. Environ. Exp. Bot. 65, 282-286 (2009).

32. Coleman, C. M., Boyd, R. S. & Eubanks, M. D. Extending the elemental defense hypothesis: Dietary metal concentrations below
hyperaccumulator levels could harm herbivores. J. Chem. Ecol. 31, 1669-1681 (2005).

33. Scheirs, J., Vandevyvere, 1., Wollaert, K., Blust, R. & De Bruyn, L. Plant-mediated effects of heavy metal pollution on host choice
of a grass miner. Environ. Pollut. 143, 138-145 (2006).

34. Boyd, R. S. The defence hypothesis of elemental hyperaccumulation: Status, challenges and new directions. Plant Soil 293, 53-176
(2007).

35. Porto, M. L. & Silva, M. E. E Tipos de vegetagdo metaldfila em dreas da Serra de Carajas e de Minas Gerais, Brasil. Acta Bot. Bras.
3,13-21 (1989).

36. Teixeira, W. A. & Lemos-Filho, J. P. Metais pesados em folhas de espécies lenhosas colonizadoras de uma drea de mineragio de
ferro em Itabirito, Minas Gerais. Rev. Arvore 22, 381-388 (1998).

37. Lorenzi, H. Arvores Brasileiras: Manual De Identificado e Cultivo de Plantas Arbéreas Nativas Do Brasil Vol. 3 (Nova Odessa:
Instituto Plantarum, 2009)

38. Pérez, J. E. M. et al. Sistema de manejo para a candeia—Eremanthus erythropappus (DC.) Macleish—a opgao do sistema de corte
seletivo. Cerne 10, 257-273 (2004).

39. Keane, B., Collier, M., Shann, J. & Rogstad, S. Metal content of dandelion (Taraxacum officinale) leaves in relation to soil contami-
nation and airborne particulate matter. Sci. Total Environ. 281, 63-78 (2001).

40. Assungio, A. G. L, Schat, H. & Aarts, M. G. M. Thlaspi caerulescens, an attractive model species to study heavy metal hyperac-
cumulation in plants. New Phytol. 159, 351-360 (2003).

41. Basta, N. T, Ryan, J. A. & Chaney, R. L. Trace element chemistry in residual-treated soil: Key concepts and metal bioavailability.
J. Environ. Qual. 34, 49-63 (2005).

42. Evans, L. J. Chemistry of metal retention by soils—Several processes are explained. Environ. Sci. Technol. 23, 1046-1056 (1989).

43. Campos, N. B. Aptidio reprodutiva e estrutura da comunidade de um candeial com elevada mortalidade. Dissertation (Federal
University of Ouro Preto, 2012).

44. Pereira, J. A, Londe, V., Ribeiro, S. P. & De Sousa, H. C. Crown architecture and leaf anatomic traits influencing herbivory on
Clethra scabra Pers.: Comparing adaptation to wetlands and drained habitats. Rev. Bras. Bot. 40, 481-490 (2017).

45. Koslov, M. V,, Zverev, V. & Zvereva, E. L. Combined effects of environmental disturbance and climate warming on insect herbivory
in mountain birch in subarctic forests: Results of 26-year monitoring. Sci. Total Environ. 601-602, 802-811 (2017).

46. Mendes, G. & Cornelissen, T. G. Effects of plant quality and ant defence on herbivory rates in a neotropical ant-plant. Ecol. Entomol.
2017, 1-8 (2017).

47. Jhee, E. M., Boyd, R. S. & Eubanks, M. D. Effectiveness of metal-metal and metal-organic compund combinations against Plutella
xylostella: Implications for plant elemental defense. J. Chem. Ecol. 32, 239-259 (2006).

48. Boyd, R. S. Plant defense using toxic inorganic ions: Conceptual models of the defensive enhancement and joint effects hypotheses.
Plant Sci. 195, 88-95 (2012).

49. Bronstein, J. L. Conditional outcomes in mutualistic interactions. TREE 9, 214-217 (1994).

50. Monteiro, L., Viana-Junior, A. B., Solar, R. R. C., Neves, E. S. & DeSouza, O. Disturbance-modulated symbioses in termitophily.
Ecol. Evol. 7,10829-10838 (2017).

51. Trumble, J. T., Kolodnyhirsch, D. M. & Ting, I. P. Plant compensation for arthropod herbivory. Annu. Rev. Entomol. 38, 93-119
(1993).

52. Stowe, K. A., Marquis, R. ., Hochwender, C. G. & Simms, E. L. The evolutionary ecology of tolerance to consumer damage. Annu.
Rev. Ecol. Syst. 31, 565-595 (2000).

53. Poveda, K., Steffan-Dewenter, I, Scheu, S. & Tscharntke, T. Effects of below- and above-ground herbivores on plant growth, flower
visitation and seed set. Oecologia 135, 601-605 (2003).

54. Tozer, K. N. et al. Growth responses of diploid and tetraploid perennial ryegrass (Lolium perenne) to soil-moisture deficit, defolia-
tion and a root-feeding invertebrate. Crop Pasture Sci. 68, 632-642 (2017).

55. Yuan, J., Wang, P. & Yang, Y. Effects of simulated herbivory on the vegetative reproduction and compensatory growth of Hordeum
brevisubulatum at different ontogenic stages. Int. J. Environ. Res. Public Health 16, 1663 (2019).

56. Seneviratne, M. et al. Heavy metal induced oxidative stress on seed germination and seedling development: A critical review.
Environ. Geochem. Health. 41, 1813-1831 (2019).

57. Poschenrieder, C., Tolra, R. & Barcel6, J. Can metals defend plants against biotic stress?. Trends Plant Sci. 11, 288-295 (2006).

58. Coleman, J. E. Zinc proteins: Enzymes, storage proteins, transcription factors, and replication proteins. Annu. Rev. Biochem. 61,
897-946 (1992).

59. Jansen, S., Watanabe, T., Dessein, S., Smetes, E. & Robbrecht, E. A comparative study of metal levels in leaves of some Al-accumu-
lating Rubiaceae. Ann. Bot. 91, 657-663 (2003).

Scientific Reports|  (2021) 11:19062 | https://doi.org/10.1038/s41598-021-98483-x nature portfolio



www.nature.com/scientificreports/

60. Gall, J. E,, Boyd, R. S. & Rajakaruna, N. Transfer of heavy metals through terrestrial food webs: A review. Environ. Monit. Asses.
187, 1-21 (2015).

61. Poschenrieder, C., Gunsé, B., Corrales, I. & Barcelo, J. A glance into aluminum toxicity and resistance in plants. Sci. Total. Environ.
400, 356-368 (2008).

62. Janssens, T. K. S., Roelofs, D. & Van Straalen, N. M. Molecular mechanisms of heavy metal tolerance and evolution in invertebrates.
Insect Sci. 16, 3-18 (2009).

63. Hodson, M. E. Effects of heavy metals and metalloids on soil organisms. In Heavy metals in soils: trace metals and metalloids in
soils and their bioavailability. Environmental Pollution (ed Alloway, B. J.) Vol. 22, 141-160 (Springer, 2012).

64. Rahman, M. et al. Importance of mineral nutrition for mitigating aluminum toxicity in plants on acidic soils: Current status and
opportunities. Int. J. Mol. Sci. 19, 1-28 (2018).

65. Kidd, P. S., Llugany, M., Poschenrieder, C., Gunsé, B. & Barcel6, J. The role of root exudates in aluminium resistance and silicon-
induced amelioration of aluminium toxicity in three varieties of maize (Zea mays L.). J. Exp. Bot. 52, 1339-1352 (2001).

66. Epstein, E. Silicon: Its manifold roles in plants. Ann. Appl. Biol. 155, 155-160 (2009).

67. Grevenstuk, T. & Romano, A. Aluminium speciation and internal detoxification mechanisms in plants: Where do we stand?.
Metallomics 5, 1584-1594 (2013).

68. Panda, S. K., Baluska, F. & Matsumoto, H. Aluminum stress signaling in plants. Plant Signal Behav. 4, 592-597 (2009).

69. Borgstrém, P., Bommarco, R., Viketoft, M. & Strengbom, J. Below-ground herbivory mitigates biomass loss from above-ground
herbivory of nitrogen fertilized plants. Sci. Rep. 10, 12752 (2020).

70. Bojorquez-Quintal, E., Escalante-Magana, C., Echevarria-Machado, I. & Martinez-Estévez, M. Aluminum, a friend or foe of higher
plants in acid soils. Front. Plant Sci. 8,1-18 (2017).

71. Massad, T.]. Ontogenetic differences of herbivory on woody and herbaceous plants: A meta-analysis demonstrating unique effects
of herbivory on the young and the old, the slow and the fast. Oecologia 172, 1-10 (2013).

72. Messias, M. C. T. B. et al. Phanerogamic flora and vegetation of Itacolomi State Park, Minas Gerais, Brazil. Biota Neotrop. 17, 1-38
(2017).

73. Peron, M. V. Listagem preliminar da flora fanerogamica dos campos rupestres do Parque Estadual do Itacolomi-Ouro Preto/
Mariana, MG. Rodriguésia 67, 63-69 (1989).

74. Almeida, F. F. M. Provincias estruturais brasileiras. In SBG, Simpoésio de Geologia do Nordeste, 8, Campina Grande, PB. Atas
Campina Grande 363-391 (1977).

75. Machado, N, Schrank, A., Noce, C. M. & Gauthier, G. Ages of detrital zircon from Archean-Paleoproterozoic sequences: Implica-
tions for Greenstone Belt setting and evolution of a Transamazonian foreland basin in Quadrilatero Ferrifero, southeast Brazil.
Earth Planet Sci. Lett. 141, 259-276 (1996).

76. Ribeiro, S. P. & Basset, Y. Gall-forming and free-feeding herbivory along vertical gradients in a lowland tropical rainforest: The
importance of leaf sclerophylly. Ecography 30, 663-672 (2007).

77. Ribeiro, S. P. & Basset, Y. Effects of sclerophylly and host choice on gall densities and herbivory distribution in an Australian
subtropical forest. Austral. Ecol. 441, 219-226 (2016).

78. Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approach (Springer,
2002).

79. R Core Team. R: A Language and Environment for Statistical Computing (R Found Stat Comp, 2020) https://www.R-project.org/.

Acknowledgements

The authors thank the Forest State Institute (IEF), mainly the managers of the Itacolomi State Park (PEIT), the
National Council of Technological and Scientific Development (CNPq) for financial support, the Minas Gerais
State Agency (FAPEMIG) and Coordination for the Improvement of High Education Personnel (CAPES) for
the research fellowships of GFD. ODS and SPR hold a CNPq Fellowship (# 307990/2017-6).

Author contributions
G.ED., O.D., and S.P.R. designed experiments. G.ED. and S.P.R. carried out the experiments. G.ED. and O.D.
analysed data. S.P.R. and O.D. supervised the project. All authors interpreted data and wrote the paper.

Funding

This study was funded by National Council of Technological and Scientific Development (CNPq), Minas Gerais
State Agency (FAPEMIG) and Coordination for the Improvement of High Education Personnel (CAPES) (n°
6/2016).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-98483-x.

Correspondence and requests for materials should be addressed to G.E.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:19062 | https://doi.org/10.1038/s41598-021-98483-x nature portfolio


https://www.R-project.org/
https://doi.org/10.1038/s41598-021-98483-x
https://doi.org/10.1038/s41598-021-98483-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:19062 | https://doi.org/10.1038/s41598-021-98483-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Metal bioaccumulation alleviates the negative effects of herbivory on plant growth
	Results
	Discussion
	Material and methods
	Rationale. 
	Study sites and soil sampling. 
	Candeias’ development (glasshouse bioassay). 
	Herbivory test and plant growth (field bioassay). 
	Soil metals analyses. 
	Metals concentration in leaves. 
	Statistical analyses. 

	References
	Acknowledgements


