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Abstract

In 2015, a breach in the Funddo Dam in Mariana (Minas Gerais State, Brazil) resulted in the release of contaminated tailings
into the Doce River basin. This accident increased the concentrations of arsenic (As), lead (Pb), cadmium (Cd), vanadium
(V), and manganese (Mn) in the soil, posing a potential hazard to the physiology of native species. Therefore, this study
aimed to assess whether chlorophyll a fluorescence (ChlF) in Allagoptera arenaria and Guapira pernambucensis changed
following this accident when tested under different precipitation regimes in relation to soil properties, and heavy metal
absorption. Our research was conducted in the Environmental Protection Area of Conceicdo da Barra (APA) and the
Comboios Biological Reserve (RBC) located in the state of Espirito Santo, Brazil, south-eastern Brazil. Five independent
biological replicates of A. arenaria and G. pernambucensis were selected at each site for nutritional and chlorophyll a
fluorescence analysis. Soil samples from APA and RBC had similar metal concentrations and physical properties. Five
years after the dam rupture, A. arenaria had absorbed As, Pb, and V. The increased amounts of heavy metals absorbed did
not significantly impair the OJIP curve configuration in both species during the evaluated periods. However, A. arenaria at
RBC during the rainy season showed increases in the values of @Ro, @Po, PlrotaL, and @Eo. Cluster analysis indicated that
ChIF in both species was more sensitive to variations in heavy metals within plant tissues. Then, ChlF variation indicated
that A. arenaria and G. pernambucensis exhibited an acclimation strategy in response to increased absorption of heavy
metals.
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Abbreviations:

ABS: absorbance,

Chl: chlorophyll

CS: cross-section

DI: dissipation

ET: electron transport

Fm: maximum fluorescence level

Fo: minimal fluorescence level

©Po = TRo/ABS = F/Fr: maximum quantum yield of primary photochemical reactions (at t = 0) that indicates the probability
of trapping the energy of absorbed photons (or excitons migrating over the antenna) by PSII reaction centers.

oEo = ETo/ABS = quantum efficiency of electron transfer from Qa™ to electron transport chain beyond Qa~

¢Ro = quantum yield for the reduction of terminal electron acceptors on the acceptor side of PSI .

ABS/RC = ¢oRo = RE/ABS: proportion between the amounts of chlorophyll a molecules in fluorescence-emitting antenna
complexes and in the active reaction centers.
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TRo/RC: flux of excitation energy trapped per active reaction center (RC) at the start of illumination of a dark-adapted
sample, i.e.,att=0.

DIo/RC: total energy dissipated per reaction center (RC) as heat, fluorescence, and energy transfer to PSI (at t = 0).
ETo/RC: electron flux transferred per active reaction center (RC) att = 0.

REW/RC: electron flux transferred per active reaction center (RC) and reducing terminal acceptors on the acceptor side of
PSI (att=0).

AWOI: serves to distinguish the sequence of events from exciton trapping by PS II up to plastoquinone (PQ) reduction.
AWOJ: reveals information about the oxygen-evolving complex functionality (OEC).

AWII: provides information about the reduction of the intersystem electron carriers Qg, PQ, and Cyt be/f, which was defined
by their size, mainly of PQ, and the rate constants of the reactions.

Vt = variable fluorescence.

PEA: Plant Efficiency Analyser.

PI: performance index on absorption basis.

OEC: oxygen-evolving complex functionality.

PQ: plastoquinone

PSII: photosystem 11

Qa: primary electron acceptor of PSlI

RC: reaction center

TR: trapping

Introduction

Allagoptera arenaria (Gomes) Kuntze (Arecaceae) and Guapira pernambucensis (Casar.) Lundell (Nyctaginacea) are
species commonly found in “restinga” ecosystems, broadly distributed across fragments of the Atlantic Rainforest that has
important ecological functions. A. arenaria, commonly known as "guriri," is a palm species that reaches a height of about
2 meters. It forms dense populations that modify the environment under their canopy through litter accumulation, increased
soil nutrient content, shade, and decreased wind speed. These modifications facilitate the establishment of other plant species
underneath its canopy (Scarano 2002; Menezes et al. 2018). Furthermore, A. arenaria is a pioneer species that provides
better conditions for the establishment of G. pernambucensis, commonly known as "maria-mole” and "jodo-mole". G.
pernambucensis has purple fleshy fruits that attract animal dispersers, promoting seedling recruitment under their canopy
and facilitating the regeneration of other species (Dalotto et al. 2018; Flora do Brasil 2022).

The restinga is denomination as a Quaternary sandy coastal plain ecosystem that is part of the Atlantic Forest located
along the Eastern Brazilian coast (Brito et al. 2018; Bechara et al. 2020). Restingas soil is composed of sediments classified
as marine quartz sands and is naturally nutrient-poor (Monteiro et al. 2014; Bechara et al. 2020). Soil attributes combined
with water availability, organic matter content, and salinity determine the variation in restinga plant communities (Bona et
al. 2020; Lourenco Junior et al. 2021). In heterogeneous environments, the physiological responses of plants depend on the
simultaneous action of multiple stresses by seasonal variations in climate (Pandey et al. 2015). Research on the physiological
responses of plants to environmental resource gradients is important for the prediction of ecosystem responses to
environmental changes (Ghori et al. 2019; Souri et al. 2019; Lana-Costa et al. 2021; Tognella et al. 2022; Oliveira et al.
2022).



Restingas are exposed to progressive increases in concentrations of metals from industrial, mining and agricultural
activities (Silva et al. 2015; Silva et al. 2017; Lana-Costa et al. 2021; Oliveira et al. 2022). In November 2015,
approximately, 50 million m® of mud containing heavy metals (Pb, As, Sr, Zn, Cu, Ni and Co) polluted the Doce River,
after the collapse of the Funddo Dam in Minas Gerais, Brazil (Marta-Almeida et al. 2016; Cruz et al. 2020; Viana et al.
2020; Sa et al. 2021). As a result, there was a shift in the granulometric fraction of the sediment and an elevation in heavy
metal concentrations (Viana et al. 2020). The Fe, Cd, and Mg levels in the post-disaster ore tailing sediments were markedly
above the reference values recommended by the National Environment Council, CONAMA (Duarte et al. 2021; Fernandes
et al. 2022). The contaminated particles spread for hundreds of kilometres throughout the coastal regions, where the main
sources of nutrients are from salt spray deposition and flooding (Du and Hesp 2020). The mobility, bioavailability, and
toxicity of heavy metals in the soil are driven by several physio-chemical gradients, such as pH, organic matter, cation
exchange capacity, texture, and microbiota (Santos-Filho et al. 2013; Khan et al. 2015).

The available metals in soil may be incorporated into the local food chain, causing ecosystem imbalances (Dubey
et al. 2018; Nivelais et al. 2023). An increase in the absorption of heavy metals by plants may cause changes in the mineral
nutrient uptake and damage intermediate photosystem electron transporters (Silva et al. 2015; Hanelt 2018). Thus, transient
chlorophyll a fluorescence (ChlF) is a useful tool for understanding the photochemical effects, through the construction of
OJIP curves and the analysis of JIP test parameters (Stirbet et al. 2018). The OJIP curve is derived from the temporal
changes in fluorescence intensity (F) following the application of a brief light pulse to a photosynthetic sample, and
corresponds to the gradual reduction of Qa and primary electron acceptor of photosystem Il (PSII) (Tsimilli-Michael 2020).
The curve derives its name from the distinct steps it exhibits, namely O, J, I, and P Step O corresponds to the initial
fluorescence level (Fo) observed prior to the onset of the light pulse and step J is characterized by the peak fluorescence rise
(F5), which represents the reduction of the primary electron acceptor, Qa—(Goltsev et al. 2016). The O-J phase of the
fluorescence rise relates to the closure of some of the PSII reaction centers in response to the reduction of Qa to a level
determined by the ratio between the trapping rate and Qa reoxidation rate by Qg and the rest of the electron transfer chain
(Kalaji et al. 2016). The J-I phase of the curve corresponds to the reduction of the secondary electron acceptor Qg,
plastoquinone (PQ), cytochrome (Cyt bef), and plastocyanin (PC). Finally, 1-P phase reflects the reduction of electron
transporters (ferredoxin, intermediary acceptors, and NADP) of the PSI acceptor side (Tsimilli-Michael 2020). Analysis of
OJIP transients allows researchers to better understand relationships between the structure and function of the photosynthetic
apparatus and quickly assess plant viability (Goltsev et al. 2016). The performance of PSII depends on the rate of NADPH
consumption during the carbon reactions of photosynthesis, as well as the rate at which the entire plant utilizes assimilates
(Kalaji et al 2016). The increased absorption of heavy metals by plants can be correlated with PSII activity (Ghori et al.
2019). For example, iron (Fe) toxicity caused a decrease in PSII activity, an increase in the antenna complex size, and a
decrease in the number of active reaction centres in PSIl when Hordeum vulgare was studied (Lysenko et al. 2020). Previous
studies have shown the harmful effects of heavy metals on growth and development of restinga species that exhibited
different physiological responses depending on levels of intraspecific tolerance (Silva et al. 2015; Silva et al. 2017; Cruz et

al. 2020). Certain species can be very efficient in the accumulation and tolerance of heavy metals, such as Pteris vittata,
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Isatis cappadocica, and Vigna unguiculata (Ghori et al. 2019; Souri et al. 2019). I. cappadocica employs a primary tolerance
strategy to excess arsenic (As) by elevating thiol levels, such as through the synthesis of cysteine, glutathione, or
phytochelatins (Souri et al. 2019). Another tolerance mechanism is enclosed in a separate compartment and removing heavy
metal from the cytosol away from other cellular organelles (Ghori et al. 2019). Investigation of the native restinga species
with potential for high tolerance to the heavy metal is essential to understand these mechanisms (Lana-Costa et al. 2021,
Oliveira et al. 2022). Thus, ChIF can be effectively used to predict the magnitude of the impacts of absorbed metals on the
coastal restinga vegetation subjected to different rainfall regimes. This research aimed to test the hypothesis that changes in
precipitation regimes and soil properties could have a significant impact on the absorption of heavy metals by A. arenaria
and G. pernambucencis, leading to changes in (ChlIF). Furthermore, a detailed post-disaster analysis was carried out over
time using photochemical efficiency indicators to determine the impact of the metals present in mining tailings on these two

restinga shrub species.

Materials and methods

Study area and Experimental design

The study was undertaken on the vegetation of an open-scrub bush restinga formation located in the state of Espirito Santo,
Brazil, which had been affected by tailings released into the Doce River over the last 4 years following the collapse of the
Funddo dam. Two sites were selected based on their location in relation to the mouth of the Doce River where toxic waste
entered the water following the rupture of the Funddo Dam in 2015 near to the city of Mariana, Brazil. The Environmental
Protection Area of Concei¢cdo da Barra (APA) (18°36'26" S, 39°44'50" W) is located approximately 125 km north of the
mouth of the Doce River. APA is a conservation area which allows human occupation and exploitation of its natural
resources. The Biological Reserve of Comboios (RBC) (19°40'16.50"S, 39°52'57.59"W) is located approximately 5km
south of the mouth of the Doce River. RBC is a conservation unit which prohibits any human activity. At each sample site,
five individual Allagoptera arenaria and Guapira pernambucensis plants were selected and marked, according to their
health and size homogeneities. The selection of these species was based on their ecological significance and prevalence
within the examined restinga ecosystems.

The climate of this area is classified as Aw (Tropical wet-dry), with two distinct dry and rainy seasons. The dry
season spans from November to April, while the rainy season lasts from May to October (SANTOS et al. 2018). For this
study, meteorological data were obtained from Brazil's National Institute of Meteorology (INMET). The average monthly
rainfall in this location varies between 0 and 350 mm, with the majority of precipitation occurring between November and
January. Conversely, precipitation deficits occur from June to August. The precipitation means for February 2019, January
2020, and June 2021 were 88 mm, 227 mm, and 0 mm, respectively (Supplementary material; Fig. S1). Leaf and soil samples
were collected for analysis of heavy metal concentration, and ChlF was measured under field conditions in February 2019
(reference), January 2020 (rainy season), and June 2021 (dry season).



Chlorophyll a fluorescence

During the experimental period (2019, 2020 and 2021), measurements of chlorophyll a fluorescence (ChlF) were conducted
using four leaves from five plants of each species. Initially, leaves were dark-adapted with leaf clips for 1 h, and then ChlF
was measured between 8 am and 10 am, using a portable fluorometer (HandyPEA, Hansatech Instruments®, King's Lynn,
Norfolk, UK). The fluorescence transient was induced by red light of approximately 3000 pmol photons m™ s, provided
by an array of 3 light-emitting diodes with a peak of 660 nm. The fluorometer data was obtained between 20 us and 1 s of
illumination (Strasser et al 2000; 2004). For the construction of the OJIP curve, the following fluorescence intensity values
from the original measurements were used: minimal intensity at 20 us (O step = F, initial fluorescence); intensity at 2 ms
(the J step); intensity at 30 ms (the | step); and the maximal intensity at 300 ms (the P step = Fm, maximum fluorescence).
The different steps of the polyphasic fluorescence transient (O, J, I, and P phases) were calculated to assess possible specific
differences in the shapes of the ChlF transients. To evaluate the samples, events represented by the O-J, O-1, and I-P phases,
the transients were transformed into relative variable fluorescence (W), according to Yusuf et al. (2010). This involved
normalizing the transients using the following equations: AWOJ = (F; - Fo) / (F; - Fo), AWOI = (F - Fo) / (Fi - Fo), and AWJI
= (Fy - F) / (Fi — Fo). In addition, we also calculated differential kinetics, AW=W—-W reference (“reference” were samples
collected from APA and RBC in February 2019).

The biophysical parameters derived from the OJIP transients were calculated, and the following parameters, which
refer to time zero, i.e., onset of fluorescence induction, were used to calculate maximum quantum vyield of PSII
photochemistry (¢Po), quantum efficiency of electron transfer from Qa~ to electron transport chain beyond Qa™ (at t = 0)
(yEo), indicating the integral functional activity of PSII, PSI, and the intersystem electron transport chain, and the
performance indexes (PlroraL, Plags), an indicator of impact of a stress on photosynthetic performance (Goltsev et al. 2016).
Some JIP parameters, which refer to a translation of the original data into the following biophysical parameters that quantify
the PSII behavior, were also evaluated: absorption energy flux per active reaction center (RC); reflecting the proportion
between the amounts of chlorophyll molecules in fluorescence-emitting antenna complexes and in the active reaction centers
(ABS/RC), flux of excitation energy trapped per active reaction center (RC) at the start of illumination of a dark-adapted
sample, i.e., at t = 0 (TRo/RC), —total energy dissipated per reaction center (RC) as heat, fluorescence, and energy transfer
to PSI (att = 0) (DIo/RC), electron flux transferred per active reaction center (RC) att = 0 (ETo/RC), electron flux transferred
per active reaction center (RC), and reducing terminal acceptors on the acceptor side of PSI (at t = 0) (REo/RC) (Goltsev et
al. 2016; Tsimilli-Michael 2020). In our study, data from February 2019 were used as the reference because there are no

records available of normal concentrations of heavy metals before the collapse of the Funddo Dam.

Heavy metal levels and soil fertility analyses



Samples of mature, healthy, sun-exposed leaves from five individuals of each plant species, as well as soil samples, were
collected during the experimental period (2019, 2020, and 2021) for micronutrient analysis. At each sample site, leaf
samples were taken from each individual and combined to create a composite sample for plant heavy metal analyses, which
were conducted in triplicate. Soil samples were obtained from the root zone of each tree at a depth of 0.20 m using a soil
auger and then stored in plastic bags. Both the soil and leaf samples were dried in a forced circulation oven at 70°C for 72
hours. After drying, the samples were homogenized and subjected to extraction using an acid solution. The nutrients present
in the soil and leaf samples were quantified using optical emission spectrometry with inductively coupled plasma (ICP-
OES), following the method described by Huang and Schulte (1985).

In addition to the micronutrient analysis, the following soil fertility analyses were performed according to the
Brazilian Methods of Soil Analysis (Santos et al. 2018): soil pH, cation exchange capacity (T), exchangeable aluminum
content (AI®*), potential soil acidity (H+Al), sum of the bases (SB), base saturation result (V%) and soil organic matter
(OM). The extraction of exchangeable potassium (K), phosphorus (P), and boron (B) in the soil was conducted using the
Mehlich-1 solution. Furthermore, the granulometric analysis of the soil involved passing the soil samples through a 2 mm

sieve to measure the size distribution of individual soil particles.

Statistical analysis

A. arenaria and G. pernambucencis were selected at each site under field conditions. Five independent biological replicates
were used to assess the variability in the results for chlorophyll a fluorescence, mineral element levels, and soil fertility
analyses. Data were submitted to analysis of variance (ANOVA) and the statistical difference between means were
compared using the Tukey test (P< 0.05). In order to categorize the treatments based on their measured traits, a cluster
analysis method was employed. Before the analysis, all the data was standardized. Ward's method and Euclidean distance
were utilized to group the treatments. A dendrogram was produced, and a line was marked at the cutoff point which aided

in identifying the clusters. Treatments that shared similar features were grouped together into one cluster.

Results
Soil analysis

The fertility results were compared to Espirito Santo State soil reference values, according to the classification proposed by
Prezotti and Guargoni (2013). All of the sites were considered to have medium acidity (pH = 5.1 - 5.9), except for RBC
during the rainy season, which showed reduced acidity (pH > 6.0). The exchangeable aluminum content (AI**) was
considered low (< 0.3 cmol. dm) for all the sites, indicating the absence of aluminum toxicity (Table 1). The effective
cation exchange capacity (T), sum of the bases (SB) and organic matter content (OM) were considered low (< 25 mmol.

dm3, < 2 mmol.dm= and <1.5 dag kg!, respectively) for all of the sites. All of the sites had reduced P contents (< 20 mg
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kgl), Ca** (< 1.5 mmol. dm?), Mg?*(< 5 mmol. dm?) and B (< 0.35 mg kg™). The base saturation (V%) was considered
average (50 to 70%) for RBC during the reference period and low (< 50%) for RBC during the rainy and dry seasons (Table
1).

Table 1 Physical and chemical soil properties (layer: 0—20 cm) of the Environmental Protection Area of Conceicdo da Barra (APA)
and the Comboios Biological Reserve (RBC) during the rainy and dry seasons

Reference Rainy Dry
APA RBC APA RBC APA RBC
pH (CaCly) 54 + 01 b 54 +00b 54+ 01b 61+01la 57 +01 Db 56=+010D
APR*(cmol, dm?) 01 £+ 0l a 00 +00a 00+00a 00+00a 0000 00+ 00a
H+AlCcmol.dm?® 19 + 02 a 04 + 01 b 07 + 01 b 03 £+ 00 b 06 £ 00 P 03 % 000D
SB (cmol. dm?) 15 + 0l a 07 £+02a 03+ 00b 02+00b 03+ 002P 03z006D
T (cmol dm?) 34 + 0l a 11 +020b 10 + 01 bc 05 + 00 d 08 + 00 bcd 06 + 00 cd
V (%) 442 + 33 b 638 + 19 a 311 + 24 b 437 £ 25 b 325 + 30 b 445 + 52 b
OM (dag Kg) 19 £ 01 a 05 + 02 b 03 %00 b 01 +00c 02+ 00 b 02 + 00 be
P (mg kg™ 20 £ 02 ab 26 + 09 a 13 + 01 ab 07 + 01 b 10 + 01 @ 12 + 02 ab
S (mg kg™ 68 + 02 a 69 + 02 a 51 + 04 b 32+ 02c 28 + 02 C 30 % 03¢
B (mg kg 02 £+ 00a 01 +00b 02+00a 02+00a 0200 & 01+ 00 ab
K (mg kg?) 240 + 40 a 135 + 49 ab 13 + 13 bc 40 * 12 bc 00 + 00 C 00 + 00 ¢
Ca®(cmol.dm® 10 + 01 a 05 + 01 b 02 £ 00 ¢ 01 £ 00 c 02+ 00 C 02 + 00 ¢
Mg (cmol.dm® 05 + 00 a 02 + 04 b 01 + 00 b 01 £ 00 b 01 £ 00 ? 01 + 00 a
Coarse sand (%) 09 + 00 c 09 £ 00 c 9.6 + 04 a 94 + 02 a 896 = 02 b 950 + 05 a
Fine sand (%) 00 £+ 00c 00+ 00c 25+ 04b 20+ 02b 46 + 01 a 09 + 01 ¢
Silt (%) 00 £ 00 c 00+ 00c 04+ 03b 11+ 02b 23 + 02 a 10 + 02 b
Clay (%) 00 £ 00 c 00 +00c 15+ 03c 05+ 02b 34+ 03 a 31 +03a

Values are the means of three replicates with standard deviation (+ SD). Values followed by the same letter(s) were not
significantly different according to the Tukey test at P.<0.5.

Fe, Mn, V, Cr, Pb, and As were the heavy metals with the highest concentrations in APA and RBC during the
different periods. The order of metal concentrations in the soil was Fe> Mn> V> Cr> Pb>As> Ni> Zn> Co> Cu> Cd> at
APA and RBC over the different periods. All sites had reduced concentrations of Zn and Cu (< 1 mg kg* and < 0.8 mg kg
! respectively). APA during the rainy season showed medium availability of Fe (20 — 45 mg kg?) and the other sites had

reduced concentrations of Fe (< 20 mg kg™?). APA during dry season showed reduced availability of Mn (< 5 mg kg™) and



the RBC site had an average Mg concentration of 5 — 12 mg kg™. In general, heavy metal concentrations in the soil were

not affected by the differences in rainfall intensity between rainy and dry seasons (Table 2).

Table 2 Levels of heavy metals in soil at the Environmental Protection Area of Concei¢do da Barra (APA) and the Comboios
Biological Reserve (RBC) during the rainy and dry seasons

Reference Rainy Dry
APA RBC APA RBC APA RBC
Cu 03 + 00 00 03 + 00 200 03+ 00 23 02 + 00 *67 01 = 00 °® 03+ 01 200
Mn 161 + 1.3 200 170 + 16 200 75+ 04 0D 118 + 13 ™69 45 + 03 °@® 80+ 19 bW
Fe 225 = 18 200 165 + 20 ®00 124+ 08 ©°69 108 + 15 °® 129 + 04 56D 114+ 02 °®
Zn 06 + 00 200 07 + 01 24O 03+ 00 <60 04 = 00 ™67 01 = 00 ¢t 02+ 00 °¢@
Cr 56 = 10 ®00 95 + 11 240 24+ 05 P® 53 + 29 ®069 38 = 11 *6® 36+ 02 *69
Co 05 + 01 200 17 + 01 900 06+ 00 900 1,0 + 01 b6 08 + 0,1 <60 13+ 01 *0
As 23 + 02 b0 18 + 00 b@0O 26+ 02 S 25 + 03 b 40 + 03 0™ 44 + 03
Cd 0 =+ 0 PO 54 + 31 240 01+ 00 2@ 91 + 00 2@ 01 + 00 2300 01+ 00 2@
Ni 15 £ 01 00 25 + 0.1 200 1.0+ 08 ®6» 02 % 00 6 09 = 01 »60 1,7+ 02 ®69
Pb 26 + 07 b0 55 + 1.1 200 09+ 01 569 1,0 £ 02 0@ 12 + 01 P¢9 1,0+ 02 b0

Vo 59 x 09 %M 74 & 04 M0 40% 03 ") 44 x 06 ) 62 + 04 P09 58r 04 DM

Values are the means of three replicates with standard deviation (+ SD). Values followed by the same letter(s) were not
significantly different according to the Tukey test at P <0.5. Values in parentheses represent differences between the rainy
and dry seasons when compared to the reference period.

Metal concentrations in leaves

The concentrations of essential elements (Cu, Mn, Fe, Zn, Co) and non-essential elements (Cr, Cd, Ni, Pb, V) in A. arenaria
were similar between the APA and RBC sites during the reference period (February 2019). However, the concentrations of
As, Pband V in A. arenaria leaves were higher at RBC during the rainy season than during the reference period (Table 3).
The order of leaf-metal concentrations in A. arenaria at RBC was Fe > Zn > Cu > Cr > Ni>Pb >V > As > Cd > Co. The
concentration of As in A. arenaria during the reference period varied between 0.3 mg kg (APA) and 0.2 mg kg* (RBC),
whereas during both the rainy and dry periods, the concentration of As was 1.1mg kg? at both sites. Similarly, Pb
concentration in A. arenaria during the reference period varied between 0.1 mg kg (APA) and 0.2 mg kg (RBC), while
during both the rainy and dry periods, the concentration was 1.9 mg kg* at both sites. The V concentration (2.5 mg kg?)
were higher in A. arenaria at RBC during the rainy season (Table 3). The concentrations of essential (Cu, Mn, Fe, Zn, Co)
and non-essential elements (Cr, Cd, Ni, Pb, V) in G. pernambucensis varied among the areas during the same period, with
the highest concentrations of Co (4.4 mg kgt), Cu (70 mg kgt), Mn (775 mg kg1), Ni (6.3 mg kg?), and V (4.3 mg kg™?) at
RBC during the rainy season. The order of metal concentrations in G. pernambucensis at RBC was Mn> Fe > Cu> Zn > Cr
> Ni > Co >V >Pb > As > Cd at RBC during the rainy season (Table 3).



Table 3 Levels of heavy metals in leaves from Allagoptera arenaria and Guapira pernambucencis during the rainy and dry seasons at
the Environmental Protection Area of Conceicdo da Barra and the Comboios Biological Reserve

Reference Rainy Dry
APA RBC APA RBC APA RBC

Cu 127 + 39 200 55 + 25 000 20+ 03 @ 101 + 09 08 17 £ 02 "® 29 + 02 "3

Mn 2248 + 7.7 (0 5136 + 109.8 (10 1704 + 194 ©°0) 2768 + 370 *64 2140 + 103 °®» 697.3 £ 186.6 (13

Fe 1096 + 0.0 00 109.6 + 0.0 @00 1684 + 306 209 69.2 + 48 °® 162.7 = 243 29 143.7 + 27.3 @Y
© Zn 11.7 + 1.1 200 181 £ 2.1 200 14.4 + 41 20 144 + 15 260 70 + 04 260 241 £ 7.6 203
g Cr 08 = 02 b@oO 06 * 0.0 b0 10 £ 0.2 bu») 83 + 18 2WsY 11 + 05 b@¥ 06 £ 0.0 b@oo
$ Co 00 = 0.0 2¢O 00 = 0.0 2000 0.0 0.0 2100 01 + 00 @ 00 £ 00 @ 02 % 0.2 2000
‘0:";_ As 03 + 01 P00 0.2 * 0.0 0@ 11+ 0.0 266D 1.1 + 00 2690 11 + 00 26 11+ 0.0 650
E’Cd 00 + 00 @ 0.0 + 00 @ 00+ 00 @ 00 = 00 2 00 = 00 @ 0.1 + 00 @
< Ni 01 £ 00 P00 07 + 0.4 bGoO 12+ 06 0G0 32 = 04 36D 07 = 00 °00O 06 0.4 bE

Pb 01 + 0.0 b0 02 % 0.1 b0 19 + 0.0 2090 19 + 00 260 19 + 0.0 20900 19 + 0.0 2650

\% 05 + 0.2 b 01 £ 0.0 b0 0.7 + 0.1 20 25 + (05 b@00) 05 + 0.2 20 02 % 0.0 20

Cu 135 + 26 00O 223 35 b0 105 £ 0.7 b8 700 + 84 bG¥ 109 + 04 °6Y 69 =+ 1.2 26y

Mn 1812 + 516 900 4187 + 18.1 be(100) 2285+ 17.9 cd() 7749 + 728 2089 2920 + 65 cd(6y 5713 % 55.8 @ (136)
é Fe 1681 + 165 "1 1006 = 0.0 D@ 306.9 + 150 2(8) 1146 + 19.3 (%) 3193 + 204 2090 2003 + 388 0¥
§ Zn 151 + 1.9 2(00 230 = 2,9 2000 134 * 15 2@ 190 + 29 ¥®) 146 + 11 26D 138 =+ 2.0 260
% Cr 32 + 07 b0 30 0.2 b0 22 + 0.2 b9 142 + 1.8 2¢®) 36 + 09 PV 40 + 0.6 2133
E Co 03 = 00 b0O 06 * 0.1 b@oo 03+ 00 0O 44 = 10 0 06 + 00 °®0 06 +* 0.3 P00
_E As 08 = 01 PO 06 * 0.1 c@0 11+ 00 21 11 £ 00 208 11 £ 00 @9 11 + 0.0 208y
g Cd 00 = 00 20O 00 = 00 2@ 00 % 0.0 2@ 00 * 00 2@ 00 + 00 O 00 % 00 ¢

Ni 01 + 0.0 cw0 13 £ 0.4 b@o0) 0.7 = 0.1 (00 63 *+ 0.3 2048 1.0 £ 0.0 @000 10 =+ 0.1 &7

Pb 00 + 00 P00 01 # 0.1 b 19 + 0.0 200 1.9 + 0.0 2090 19 + 0.0 200 19 # 0.0 2(190)

\Y% 17 £ 02 b0 09 * 0.0 b0 11+ 0.1 b6 44 + 03 206 16 + 03 °69 14 = 0.2 >1%)

Values are shown as the means of three replicates with standard deviation (= SD). Values followed by the same letter(s) were not
significantly different according to the Tukey test at P <0.5. Values in parentheses represent differences between rainy and dry seasons
when compared to the reference period.

Principal component analysis (PCA) explained 60.3% of the variability in the data (38.6% in PC1 and 21.7% in
PC2) and showed a clear separation at the RBC site between the reference, rainy, and dry periods. However, no distinction
could be made at the APA site between rainy and dry periods (Fig. 1a). Then, RBC was the most heterogeneous functional
group, demonstrating the natural heterogeneity of the biological reserve areas The concentrations of Ni, Cr, Cu, and V in A.
arenaria at RBC during the rainy season were mainly associated with soil pH (Fig. 1b). RBC during the rainy season also

exhibited soil pH mostly associated with the concentrations of Ni, Cr, V, Cu, and Mn in G. pernambucensis (Fig. 1b).
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Among the metals associated with the physical-chemical characteristics of the soil, A. arenaria and G.

pernambucensis showed a high ratio between the Mn and Cr concentrations in the soil and the metal concentrations in leaves

at RBC during the rainy season (Table 4 and Table 5). The ratio between the metal concentrations in the soil and the metal

concentrations in A. arenaria leaves was similar at both sites during the reference period (Table 4). The ratio between metal

concentrations in the soil and Cu, Mn, Cr, Cd, Ni and V concentrations in leaves were 52.3, 23.5, 1.6, 3.9, 19.0 and 0.6,

respectively, for A. arenaria at RBC during the rainy season (Table 4). For G. pernambucencis at RBC during the rainy
season, the ratios of Cu, Mn, Cr, Cd, Ni and V were 362, 65.9, 2.68, 0.54, 37.2 and 1.0, respectively (Table 5). Cu, Mn, and

Zn had the highest ratios in A. arenaria and G. pernambucencis, despite the reduced concentrations in the soil (Table 4 and

Table 5).

Table 4 Ratio between metal concentrations in soil (mg kg) and leaves (mg kg) of A. arenaria at Environmental Protection Area of

Conceicgéo da Barra (APA) and the Comboios Biological Reserve (RBC) during the rainy and dry seasons

Reference Rainy Dry

APA RBC APA RBC APA RBC

Cu 490 + 145 ® 208 + 96 ® 62 + 11 ¢ 523 x 71 * 126 * 09 ™ 100 + 19 °
(100) (100) (13) (251) (26) (48)

Zn 140 + 15 # 303 + 37 *@ 226 = 33 @ 235 = 11 2 472 £ 49 ¢ 875 + 655 2
(100) (100) (162) (78) (338) (289)

Fe 49 + 04 @ 66 + 08 @ 136 * 29 @ 64 + 10 @ 126 + 21 @ 126 + 25 @
(100) (100) (280) 97) (259) (190)

Zn 185 + 14 ® 243 + 11 ® 485 + 195 ® 352 =+ 1.8 ® 539 + 142 ® 1095 + 384 2
(100) (100) (263) (145) (292) (450)

Cr 01 £ 01 ? 01 £ 00 2@ 04 £ 00 @ 16 + 00 @ 03 £ 00 ? 02 + 00 2@
(100) (100) (287) (2617) (200) (283)

Co 00 £ 00 @ 00 £ 00 @ 00 £ 00 @ 01 £+ 05 @ 00 £ 01 @ 02 + 04 *
O ) O ) (100)

As 01 + 01 ¢ 01 + 00 ¢ 04 £ 01 ® 04 = 15 ® 03 = 01 b 02 + 00 «
(100) (100) (1900) (950) (1900) (240)

Cd 00 = 00 ° 00 £ 00 ° 01 £ 00 ° 39 £+ 00 @ 03 + 00 ° 08 = 02 °
) ©) O (100) (100) (100)

Ni 01 + 00 ° 03 + 01 ° 12 = 41 * 190 =+ 24 ° 07 + 01 P 04 £ 03 °
(100) (100) (1967) (7037) (1200) (133)

Pb 00 =+ 00 ° 00 £ 00 ©° 21 + 02 @ 18 + 04 @ 16 + 02 @ 19 + 04 °
(0) 0) (100) (100) (100) (100)

\% 01 + 01 ° 00 £ 00 ° 02 + 00 ° 06 + 02 @ 01 + 00 ° 00 £ 00 °
(100) (100) (76) (168) (38) (0)

Values are the means of three replicates with standard deviation (x SD). Values followed by the same letter(s) were not significantly

different according to of the Tukey test at P < 0.5. Values in parentheses represent differences between the rainy and dry seasons

when compared to the reference period.
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Table 5 Ratio between metal concentrations in soil (mg kg™) and leaves (mg kg') of G. pernambucencis at Environmental Protection

Area of Concei¢do da Barra (APA) and the Comboios Biological Reserve (RBC) during the rainy and dry seasons

Reference Rainy Dry

APA RBC APA RBC APA RBC

Cu 519 + 135 ° 842 + 142 b 317 % 18 ° 3621 + 428 ? 801 + 43 ° 239 + 19 °
(100) (100) 64 (430) (28)

Mn 113 27 ¢ 247 £ 27 ' 303 + 34 " 659 * 125 ® 644 + 29 ® 717 + 221 °?
(100) (100) (270) (267) (573) (290)

Fe 75 ¢ 01 ®* 66 + 08 ¢ 248 + 03 ® 106 * 36 " 248 + 21 * 176 = 33 ®
(100) (100) (332) (160) (331) (265)

Zn 238 £ 24 % 309 + 80 " 453 + 44 ® 463 * 65 " 1121 + 258 * 629 * 119 ®
(100) (100) (190) (150) (471) (204)

Cr 06 =+ 00 ° 03 = 00 ° 09 + 00 ° 27 = 00 ° 09 + 00 ° 11 £+ 00 °
(100) (100) (163) (838) (168) (347)

Co 05 + 00 ° 03 = 00 ° 05 + 00 ° 44 + 01 @ 07 + 00 ° 04 £ 01 °
(100) (100) (89) (1372) (128) (131)

As 04 01 ® 03 00 *® 04 + 02 ® 04 + 13 ® 03 + 05 ® 02 £ 01 °
(100) (100) (114) (132) (72) (77)

Cd 00 + 02 ° 00 = 00 °® 01 + 01 ° 05 + 10 @ 01 £ 01 ° 02 = 02 °
(0) 0) (100) (100) (100) (100)

Ni 01 +* 00 ° 05 & 02 ° 07 1.1 % 372 = 17 2 1.1 £ 02 ° 06 = 02 °
(100) (100) (1133) (6896) (1850) (107)

Pb 00 + 00 ° 00 £ 00 ° 21 £ 02 2 18 £+ 04 @ 16 + 02 ¢ 19 £+ 04 2
(0) (0) (100) (100) (100) (100)

\Y, 03 + 00 ®° 01 £ 00 ° 03 + 00 ° 10 + 01 ° 03 = 01 °® 02 = 00 °
(100) (100) (100) (825) (100) (200)

Values are the means of three replicates with standard deviation (+ SD). Values followed by the same letter(s) were not significantly
different according to the Tukey test at P < 0.5. Values in parentheses represent differences between the rainy and dry seasons when
compared to the reference period.

The fluorescence rise kinetics

The fluorescence rise OJIP curves for A. arenaria and G. pernambucencis at RBC and APA were measured to investigate
the photochemical efficiency under heavy metal during rainy and dry seasons. A. arenaria and G. pernambucencis showed
typical fluorescence transient curve shapes for all samples (Fig. 2a, b). In A. arenaria and G. pernambucencis, the
fluorescence yield of the OJIP curve at both sites during the rainy and dry seasons was reduced when compared with the
reference season. To obtain more detailed information than that provided by raw fluorescence Kinetics, the curves were
plotted as relative variable fluorescence, Vt=(Ft—Fo)/ (Fm—Fo). The J step for A. arenaria at APA was lower during the rainy
(24%) and dry (41%) seasons than the reference season. Similarly, the J step for G. pernambucencis at RBC was reduced
during the rainy (16%) and dry (26%) seasons when compared to the reference season. The magnitude of the J-step measures
the availability of oxidized PQ molecules to reoxidize Qa. Both species at APA and RBC showed similar 1-P phases when

comparing reference, rainy and dry seasons (Fig. 2c, d).
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Fig.2 Variations in the shape of fluorescence transient curves measured at different times (rainy and dry seasons) in the leaves of A.
arenaria and G. pernambucencis at the Environmental Protection Area of Concei¢do da Barra (APA) and the Biological Reserve of
Comboios (RBC). Fluorescence intensity of A. arenaria (a) and G. pernambucencis (b). Variable fluorescence of A. arenaria (c) and
G. pernambucencis (d). The reference period corresponds to samples collected from APA and RBC in February 2019.

Detailed examination of the shape of the prompt ChIF curves was conducted by constructing differential curves in
the phase between the O and I points (AWOI). All A. arenaria and G. pernambucencis samples were not strongly affected,
as indicated by AWOI values that approximated 0 (Fig. 3a, b). The differential curves for the phase between the O and J
points (AWOJ) in both species were not strongly affected as seen from the resulting differential curves with values close to
0 for all samples (Fig. 3c, d). However, reproducible positive bands in the differential curves constructed in the phase

between the J and I points (AWIT) were found for A. arenaria and G. pernambucencis at RBC during the rainy season (Fig.

3e, 1).
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Fig. 3 Relative variable fluorescence (AW) [Wseason — Wreference] derived from the average OJIP transient of A. arenaria and G.
pernambucencis at the Environmental Protection Area of Conceicdo da Barra (APA) and the Comboios Biological Reserve (RBC).
Differential curves constructed between the O-I phases AWOI = (F; - Fo) / (Fi - Fo)] for A. arenaria (a) and G. pernambucencis (b).
Differential curves constructed between the O-J phases [AWOJ = (F; - Fo) / (F; - Fo)] of A. arenaria (c) and G. pernambucencis (d).
Differential curves constructed between the J-I phases [AWJI = (F; - F|) / (Fi — Fo)] of A. arenaria (e) and G. pernambucencis (f). The
reference period corresponded to samples collected from APA and RBC in February 2019.

For A. arenaria, the energy fluxes expressed per active RC as ABS/RC, TRo/RC and DIo/RC remained unaffected
at RBC during the rainy and dry periods relative to the reference (Fig. 4a). However, the quantum efficiency of electron
transfer from Qa~ to the electron transport chain beyond Qa~ (pEo) and quantum yield for the reduction of terminal electron
acceptors on the acceptor side of PSI (¢Ro) increased by 40% and 36%, respectively, for A. arenaria at APA and RBC

during the rainy season compared to the reference season. When compared to the reference period, the Plags values of A.
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arenaria and G. pernambucencis remained unaffected during the rainy and dry seasons (Fig. 4a, b). PlroraL increased in A.
arenaria at RBC by 74% and 16% during the rainy and dry seasons, respectively, compared to the reference. However,

PlroraL remained unaffected in G. pernambucencis at RBC during both seasons.
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a PI
(a) ,ZBS 1 ®) 1
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Fig. 4 Selected JIP parameters for A. arenaria (a) and G. pernambucencis (b) at the Environmental Protection Area of Conceic¢éo da
Barra (APA) and the Comboios Biological Reserve (RBC). The JIP parameter values were normalized to those of the reference, which
corresponded to samples collected from APA and RBC in February 2019. Asterisk (¥) (P <0.05) indicated a significant difference
between the reference and the seasonal periods, as determined by the Tukey test.

Cluster analysis

The results of the cluster analysis of chlorophyll a fluorescence (ChlF) parameters are shown in Figure 5. A cluster analysis
performed on the basis of all tested parameters, separated the 12 treatments with two sites x two species x three periods into
six different clusters, with a cut-off point of a Euclidean distance 0.02. Cluster 1 contained the species A. arenaria at APA
and RBC during the rainy season. The second cluster contained both species at RBC during the dry season. The third cluster
included A. arenaria at APA during the dry season, G. pernambucencis at APA for all periods observed and G.
pernambucencis at RBC for the reference period. Cluster 4, 5 and 6 contained A. arenaria, during the reference period, G.

pernambucencis at RBC during the dry season and A. arenaria at APA during the reference period.
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The lowest distance between cluster 1 and cluster 2 indicated that the smallest changes from rainy to dry seasons
are observed in A. arenaria. However, the distance between A. arenaria at RBC during the reference period and A. arenaria
at RBC during the other seasons was slightly higher. These results validate the results obtained through PCA, demonstrating

a significant correlation between the concentrations of heavy metals in A. arenaria at RBC during the rainy season and soil
pH (Fig. 1).
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— Gua (APA-dry)
Gua (RBC-reference)
Gua (APA-reference)
Gua (APA-rainy)
All (RBC-reference)
Gua (RBC-rainy)
All (APA-reference)
| I | | | | | | |
o - e e S o =) o o
2 S & 5 K s S S g
Dissimilarity

Fig. 5 Cluster analysis of fluorescence parameters for A. arenaria (All) and G. pernambucencis (Gua) at the
Environmental Protection Area of Conceicéo da Barra (APA) and the Comboios Biological Reserve (RBC) in
2019 (reference point), 2020 (rainy season), and 2021 (dry season). Dendrograms were built using the UPGMA
agglomeration method.

Discussion
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The Environmental Protection Area of Conceicédo da Barra (APA) and the Comboios Biological Reserve (RBC)
share similar physical soil properties, including high sand content (over 95%), weak acidity, and low organic
matter content (OM). In contrast, a noticeable base saturation (V%) gradient was observed between APA and
RBC. The texture of both soils corresponds to Neossolo quartzarénico soils, as proposed by Santos (2018),
representing the typical soil type of the restinga region. Soil texture was identified as the most important
environmental driver of coastal Atlantic Forest diversity, with the differentiation of restinga plant communities
primarily influenced by organic content (Bona et al. 2020; Lourenc¢o Junior et al. 2021). RBC showed average
base saturation (V%) results as the main fertility indicators of nutrient supply from the soil that are essential for
plant growth, such as P, K, Ca**and Mg?* (Lourenco et al. 2021; Barrow et al 2023; Rusconi et al. 2023). RBC
possesses a favorable conservation status without agricultural activities, which may have contributed to the soil
fertility at this site. Soil fertility can be an important indicator of forest recovery for plant communities affected
by tailings (Ferreira et al. 2021; Fortes et al. 2022). Our results revealed that the V% in the soil was the primary
driver in scrub restinga areas, suggesting that V% could serve as a crucial indicator for the recovery of plant
communities affected by the tailings.

Researchers indicated that tailings from the dam rupture caused an increase in silt and clay in the Doce
River estuary (Viana et al. 2020; Sa et al. 2021). Differently, silt and clay content were considered low (below
3% and 5%, respectively) at APA and RBC for all observed periods. Six years after the dam rupture, soil textures
at APA and RBC were unaffected by changes in the granulometric fractions of the tailings from the Fundao Dam.
RBC is located closer to the Doce River mouth, which may have been more affected by the tailings from the
Fundao Dam. Researchers indicated that areas affected by the tailings showed elevated levels of Fe, Cd, and Mg
(Viana et al. 2020; Duarte et al. 2021; Fernandes et al. 2022). Soil of the restinga herbaceous physiognomy
exhibited a gradual reduction in heavy metal levels from the most distant areas to the ones closest to the Doce
River mouth (Lana-Costa et al. 2021). However, there was no significant difference between the RBC and APA
areas regarding metal concentrations in the soil, indicating that the distance from the river mouth is not a factor
impacting metal accumulation in the evaluated areas. Davila et al. (2020) detected values of Ni (9.3 mg kg™?), Cr
(79 mg kgt), Mn (600 mg kg), Cu (4.8 mg kg?), and V (17.4 mg kg?) from samples collected at the Fund&o
dam, which were higher than those found in the APA and RBC soil.

The increase in the uptake of As, Pb, and V by A. arenaria was observed at RBC during the rainy season
compared to the reference period, even though the soil had low concentrations of these metals. The accumulation
of heavy metals in plants depends on the mobility of the elements in the soil and the absorption capacity of each
species (Dubey et al. 2018). Moreover, the deposition of salt spray can be a primary source of the spread of
contaminated particles in coastal regions (Du and Hesp 2020; Lana-Costa et al. 2021; Oliveira et al. 2022). The
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primary origin of salt spray is commonly attributed to the bursting of bubbles in breaking waves, often recognized
as a crucial factor influencing vegetation zonation in coastal dunes (Du and Hesp 2020). The collapse of the dam
resulted in the dispersion of sediments from the Doce River over a vast area along the coast, covering hundreds
of kilometers, which was primarily caused by the effects of the salt spray (Marta-Almeida et al. 2016; Duarte et
al. 2021; Fortes et al. 2022). The primary factor responsible for the southward dispersion of the salt spray was the
wind, which is a predictable occurrence in this region due to the seasonal variability in wind direction, with a
predominance towards the south during the austral spring and summer (Marta-Almeida et al. 2016). The increase
in heavy metal uptake by A. arenaria during the rainy season can also be explained by the salt spray. Following
rainfall-runoff events, the mud that had settled within the river-estuary system was consistently leached, resulting
in elevated levels of turbidity and extensive plumes spreading throughout the coastal area (Rudorff et al. 2018).
These heavy metal dispersion processes are classified as diffuse pollution, since a significant portion of the
sediment particles transported by water during heavy rainfall events have a low density and can remain suspended
in the water (Dubey et al. 2018).

Changes in the Fo and Fm values can influence the shape of the O-J phase, whose configuration
demonstrates the photochemical reduction of Qa and partial reoxidation of Qa™ through PQ (via Qg) (Tsimilli-
Michael 2020). For example, the significant decrease in the J phases on the OJIP curve indicated the toxicity of
the heavy metals, specifically Cd, in Broussonetia papyrifera (Zhang et al. 2020). Differently, the increased
uptake of heavy metals did not significantly impair the ChlF emission in A. arenaria. The O-J phase remained
stable, and no noticeable K-step appeared in any of the OJIP curves of either species. The O-J phase decrease can
also indicate the irreversible damage to PSII, associated with light-harvesting complex Il (LHCII), affecting the
electron transfer on the reduced side of PSII (Singh et al. 2022). This is further supported by results from ABS/RC,
TRo/RC and DIo/RC parameters which are obtained from the O-J phase and express the specific energy fluxes per
active reaction center. ABS/RC is considered as a measure for apparent antenna size or chlorophyll concentration
and TRo/RC reflects the specific rate of the exciton trapped by reaction centers (Tsimilli-Michael 2020). Excessive
levels of Mn, Cu, and Fe showed a strong correlation with the increased DIo/RC in Melia azedarach and
Byrsonima sericea (Liu et al. 2021; Oliveira et al. 2022). Thus, the total amount of photons absorbed by Chl
molecules and the activity of active RCs remain unaffected in A. arenaria at RBC during the rainy season, which
demonstrated that the high levels of As, V and Pb did not cause severe disruption to leaf photosynthetic organs
and oxygen-evolving complex functionality (OEC) damage. AWOI also remained stable for A. arenaria at RBC
during the rainy. AWOI serves to distinguish the sequence of events from exciton trapping by PS II up to

plastoquinone (PQ) reduction (Yusuf et al. 2010). Therefore, this may indicate that the increase in the
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concentration of As, Pb, and V in leaves of A. arenaria at RBC during the rainy did not affect the initial rate of
active PSII reaction centers closure.

Heavy metals mainly affect the electron transfer process in photosystem | (PSI) of chloroplasts (Kalaji et
al. 2016; Matkowski et al. 2019; Bussotti et al. 2020; Liu et al. 2021). The J-I phase represents the decline in the
amounts of intersystem electron carriers Qg, PQ, and Cyt be/f, which are determined by their sizes (especially
PQ) and the speed of subsequent reactions (Tsimilli-Michael 2020). For example, significantly increases in the
J-1 phase were seen by Mn stress in M. azedarach, which represented a change in the PQ pool (Liu et al. 2021).
Nicotiana tabacum with elevated Pb levels exhibited a reduction in the I-P phase of the OJIP curve, indicating
the inactivation of the PSI acceptor side or inhibition in the electron transport from the donor side of PSII to the
acceptor side of PSI (Kalaji et al. 2016). The I-P phase reflects a reduction in PC*, P700*, and PSI end electron
acceptors (RE) using electrons from PQH,, which is facilitated by PSI activity (Tsimilli-Michael 2020). However, our
results show that the J-I phase decreased and I-P phase remained unaffected in A. arenaria during the rainy season, which
may indicate that the increase in metal concentrations of at RBC did not affect PSI. This is further supported by results from
PlroraL parameters, that increased in A. arenaria at RBC during the rainy season. Previous studies showed that increases in
heavy metal concentrations can also affect the parameters associated with maximum quantum PSII (¢Po) efficiency, electron
flux beyond Qa (¢Eo) and the electron flux to PSI end electron acceptors (pRo) (Matkowski et al. 2019; Liu et al. 2021).
For example, the pPo parameter decreases in Arabidopsis thaliana and Arabidopsis helleri under Cd stress, with excess Mn,
damaged PSII activity (Matkowski et al. 2019). The ¢Ro and ¢Po parameter also decreased in P. australis exposed to excess
Pb. The reduction of @Po and @Rg reflected the damage to the PSII activity and decreased PSI capacity by reducing
ferredoxin and NADP* (Liu et al. 2021). The ¢Ro and @Po parameters were enhanced in A. arenaria, when metal
concentrations increased at RBC. High Py values indicated that most of the absorbed light energy was utilized for
photochemical reactions, while the increase in @R, suggested that a significant portion of the absorbed light energy was
being dissipated as heat or fluorescence (Tsimilli-Michael 2020).

The impact of precipitation deficits on photochemical efficiency can be evaluated by the Plags parameter, which is
the performance index for energy conservation from photons absorbed by PSII resulting in a reduction of intersystem
electron acceptors (Goltsev et al. 2016). Drought damages the photochemical apparatus in restinga species (Silva et al. 2017;
Lana-Costa et al. 2021; Oliveira et al. 2022). B. sericea exhibited reduced ¢Po and Plags values during the dry season, which
may have resulted from the inactivity of the RCs (Oliveira et al. 2022). Severe drought stress also led to a decrease in the
oPo in a sensitive genotype of Triticum sp (Barbori¢ova et al. 2020). Low ¢Po showed a strong correlation with a decrease
in Plags, which is considered a sensitive indicator of water stress (Barboricova et al. 2020; Oliveira et al. 2022; Souza et al.
2022). On the other hand, the @Po of a drought-resistant cultivar of Coffea arabica was minimally affected, demonstrating
the integration between PSII and PSI (Dubberstein et al. 2020). Our study demonstrated that ¢Po and Plags remained
unaffected in A. arenaria and G. pernambucensis during the dry season. According to the cluster analysis, ChlF emission

in both species remained stable during the dry season, which could be associated with the stability of the JIP test during
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drought periods. Furthermore, the analysis of ChlF parameters was more sensitive to variations in heavy metals within plant
tissues. This suggests that the increased overall activity of PSII is primarily a result of enhanced energetic connectivity
between PSII units and OEC state, along with greater efficiency in electron transport through PSII (Tsimilli-Michael 2020).
The results demonstrated that two shrubs species have different strategies to cope with excess metal in the soil. The different
physiological responses of A. arenaria and G. pernambucencis to heavy metals could be considered as an acclimation
strategy. Our results confirmed the hypothesis that changes in soil fertility affected the concentrations of metals in A.
arenaria and G. pernambucensis. However, an increase in the concentrations of metals in either species under different

precipitation regimes did not cause severe damage to chlorophyll a fluorescence.

Conclusions

A. arenaria and G. pernambucensis exhibit photochemical in response to increased to heavy metals that indicated the
presence of potential tolerance mechanisms. These findings could help understand the effect of mine tailings over a range
of situations, from local to global. As, Pb, and V were absorbed by A. arenaria, which demonstrated an acclimation strategy
to the increased absorption of heavy metals. The parameters related to quantum yield (pEo, ¢Po, Ro) and Plrorac efficiently
demonstrated the differential photochemical efficiency of A. arenaria in response to increased absorption of heavy metals.
Adjustments in the test parameters such as increased Ro and ¢Po, were associated to acclimation of the photochemical
apparatus to increases in heavy metal concentrations. The increase in Pl Values observed exclusively in A. arenaria
during the dry season may indicate a more efficient tolerance mechanisms than those seen in G. pernambucensis. In
conclusion, this research demonstrates that chlorophyll a fluorescence is a rapid and precise tool that facilitates the
comprehension of the long-term impacts of heavy metals on natural ecosystems following the failure of a mining dam, such
as the Funddo dam. Further analyses, encompassing plant anatomy, secondary metabolites, and antioxidant enzymes, are
essential to elucidate the interplay between physiological changes and the enduring adaptive effects of heavy metals on

restinga vegetation.
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