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Abstract: In this study, we aimed to investigate the accumulation of airborne trace elements in Lolium
multiflorum leaves concerning photosynthetic activity parameters. Five sites for four 28-day series of
plant exposition were selected. The concentration of trace elements in leaves was measured after
each series, while photosynthetic activity parameters were measured three times during each series.
Net photosynthesis rate (PN) and stomatal conductance (gs) were mostly negatively associated with
all analyzed trace elements, unlike to CO2 concentrations (Ci). Arsenic was found with opposite
trend in two exposure series. The high accumulation of Cd and Pb in plants recorded at two sites
was mostly related to lowest PN and gs. Similar tendency for PN was found at sites and series with
the highest Cr and Ni content in plants. L. multiflorum revealed a medium-level accumulation of
trace elements and a low tolerance of the photosynthetic process to the presence of trace elements in
ambient air.

Keywords: air pollution; trace elements; net photosynthesis rate; stomatal conductance;
intercellular CO2; transpiration rate

1. Introduction

Increasing heavy metal concentrations in soil and ambient air, caused by a higher intensity of
human activities, can limit the growth and yield of plants [1,2]. Trace elements in the ambient air can
cause a physiological imbalance in plants, influencing the biogeochemical balance and stability of
habitats [3]. Physiological and biochemical processes aiming to maintain or regain cell homeostasis,
disturbed due to negative stress factors, are very important for the further determination of potential
resistance to these stress factors, such as trace elements in ambient air. The defensive mechanisms of
plants for specific elements employ one of two strategies: avoidance or tolerance of stress. The first
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strategy involves various processes limiting the absorption of toxic ions into the cells. The second one
allows the plant to absorb the element, but its negative effects are minimized by various processes
inside the cell [4].

There are heavy metals (HM), such as cobalt, copper, iron, manganese, molybdenum, nickel,
and zinc are necessary elements for plant life functions; however, an increase in their concentration can
cause HM stress and impact various processes in plant metabolism [4]. Due to their high reactivity,
they can have a direct influence on growth, senescence, and various processes that produce energy in
plants. There is many several approaches conducted by plants to survive the toxicity of HM, such as
the protein pump in the cytoplasmic membrane, capture of trace elements in the cell, and creation
of connections with ligands, e.g., phytochelatins or free amino acids. Hyperaccumulators can collect
up to a few percent of HM in dry matter of aboveground plant organs [5]. Mechanisms responsible
for this ability were examined by many investigators, but there are still a lot of uncertainties and
discussions [6].

The photosynthetic process is very sensitive to the presence of trace elements in the environment.
Disturbances of photosynthesis are the first symptom of their toxic effect [7]. The influence on
photosynthesis includes injuries of the leaf structure, the ultrastructure of chloroplasts and chloroplast
membranes, disturbances in chlorophyll synthesis, especially in seedlings and new leaf growth [8],
inhibition of PSI and PSII activity, and disturbances in electron transport [7,9]. Heavy metals can
affect on leaf and chloroplast structure and might be revealed by inhibition of leaf growth as well
as disorganization of chloroplast ultrastructure. Lead and cadmium can cause the disappearance of
chloroplast thylakoids and increase the number of lipid droplets (plastoglobules) [10].

Interactions of HM with enzymatic proteins and other biomolecules are the main cause of
negative effects on certain photosynthetic reactions. Trace elements can cause cell oxidative stress
and the creation of reactive oxygen species (ROS). This can result in many negative effects on lipids,
pigments, membranes, and enzyme activity. To decrease this process, the plant defense system includes
some enzymatic and non-enzymatic mechanisms to achieve the redox balance [11]. The enzymatic
system includes enzymes like peroxidases (POX), superoxide dismutase (SOD), and catalases (CAT),
and non-enzymatic scavengers like glutathione (GSH) or ascorbate (AsA) [12]. The effect of the
antioxidative mechanism relates mainly to the balance of redox and avoiding cell and tissue damage,
especially chloroplasts and mitochondria [13].

The possibility of the accumulation of HM in plants is widely used for the determination of their
concentrations in different environments, but the use of plants with a standardized response is critical
in the production of reproducible results [14]. Lichens and mosses are the most popular air pollution
bioindicators of trace elements [15–20], but their use in highly polluted areas might be limited due
to their low tolerance levels; higher plants can be used, as they are more tolerant. Several plants
are used as bioindicators of air pollution, such as tobacco (Nicotiana tabacum L. [21], white campion
(Melandrium album), and black locust (Robinia pseudoacacia) [22], or other trees and shrubs [23]. There is
also great interest in standardized Italian ryegrass (Lolium multiflorum L.) as an easy-to-apply and
low-cost HM bioindicator [24]. This plant belongs to the Poaceae family and is widely cultivated as a
pasture plant and material for bio-ethanol production [25]. Standardized Italian ryegrass cultivated
in controlled conditions can be used for the monitoring of trace elements (in anthropogenic areas,
with high replicability and comparable results [26]). Other factors do not influence the final result of
heavy metal accumulation, because all exposed plants are cultivated in the same conditions (water
and soil properties). The most important factors affecting plant HM accumulation levels are their
concentrations in the air and meteorological conditions [27].

Due to its high biomonitoring potential and tolerance, we can also evaluate the potential of plant
species tolerant to HM in ambient air, as well as investigating the mechanisms of response (such as
photosynthetic activity) to stress factors. In this study, In this study, our aims were to: (i) examine
whether there were any significant differences between photosynthetic activity parameters and the
accumulation of trace elements of plants exposed in sites varying in environmental characteristics;
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(ii) evaluate whether there were any significant differences between gas exchange parameters during
the growing season; (iii) determine the types of relations between HM concentrations in leaves and
photosynthetic activity parameters of L. multiflorum and evaluate the potential of photosynthetic
activity as a biomarker of airborne trace elements stress.

2. Materials and Methods

2.1. Experimental Design

The experiment was carried out during the growing season in 2011. The investigation schedule
was provided according to the standardized method of the German Engineering Association [28]. 5 L
pots with a standard mixture of peat and sand were used with the same amount of seeds sawn in
it. The deionized water was used to plants irrigation. A solution of laboratory chemicals (analytical
grade) was used so that no heavy metals in readily available form were introduced into the substrate
during cultivation in the greenhouse. It contained 5.8 g KH2PO4, 8.5 g KNO3, and 5.3 g NH4NO3 per
liter of deionized water. The last fertilizer application was at least one day before transport to the
exposure site. Plants were cut to 4 cm before exposure to sites varying in environmental conditions.
The control site (site 1) and five exposure sites were selected for these investigations, located in Poznan
city and surrounding areas. Two sites were located in an urban area (sites 2 and 3), one site in a
suburban area (site 5), one site in an agricultural area (site 6), and one site located in the Agro-ecological
Landscape Park (site 4) (Figure 1). Each of four exposure series lasted 28 ± 1 days in 2011 growing
season (16.05–12.06; 13.06–10.07; 11.07–07.08; 08.08–04.09). A similar set of five plants as at exposure
site was cultivated in greenhouse conditions as a control. Deionized water was supplied through glass
fiber wicks located in pots and water tanks placed underneath the pots. The construction made it
possible to ensure plants were 130 cm above the ground at every site, to obtain comparable results of
the plant response to air pollution by trace elements.

Figure 1. Location of exposure sites. Source: own study based on data from National Geodetic and
Cartographic Resource.

2.2. Trace Elements Analysis

Lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), and arsenic (As) concentrations in leaves
were measured after every exposure series. Five samples (replicates) were taken from each site.
Leaves were dried and 0.5 g of dry weight was placed in 9 mL of ultrapure HNO3. Samples were
mineralized in MARS5 microwave equipment. The whole process was divided into three phases:
reaching certain parameters, maintaining the parameters (pressure 300 PSI, temperature 175 ◦C) for
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15 min, and cooling for the next 15 min. The digested samples were quantitatively transferred into
10 mL volumetric flasks, and the final volume adjusted to the mark with deionized water. Procedural
blanks and reference materials were carried out in the same way as the samples in each digestion run.
The digestion process for each sample was replicated three times.

Elements were determined in each prepared sample using an inductively coupled plasma
mass spectrometer (ICP-MS) equipped with a dynamic reaction cell (Elan DRCII, Perkin Elmer,
Toronto, Ontario, Canada). An ICP-MS spectrometer equipped with a Meinhard concentric
nebulizer, cyclonic spray chamber, Pt cones, and quadrupole mass analyzer was used for this
study. Typical instrument operating conditions for the ICP-MS spectrometer were: RF power 1150 W,
plasma Ar flow rate 15 L/min, nebulizer Ar flow rate 0.98 L min−1, and auxiliary Ar flow rate 1.2 L min−1.
Whilst tuning the ICP-MS, compromise conditions for maximum signal intensity of the analyte (24Mg+,
115In+, 238U+), minimum ratio of oxide (140Ce16O+/140Ce < 3%), and doubly charged ions (128Ba2+/128Ba+

< 3%) were found. The proper conditions of ICP-MS operation were checked by using a solution
containing Mg, In, and U at a concentration of 1 µg L−1 and Ba concentration of 10 µg L−1 (Smart
Tune Solution—Elan DRC II/plus, Atomic Spectroscopy Standard, PerkinElmer Pure). Calibration
curves were established using aqueous standards of relevant elements. The standard solutions were
prepared using 10 mg L−1 Multi-element ICP-MS Calibration Std 3 (Atomic Spectroscopy Standard,
PerkinElmer, Canada). The isotopes of Sc45 and Rh103 were prepared from appropriate solutions with
a concentration of 1000 mg L−1 (Merck, Darmstadt, Germany). All standards were prepared daily
after subsequent appropriate dilution with high purity deionized water (Millipore, Burlington, MA,
USA). The correction with internal standards, scandium and rhodium at the concentration of 1 µg L−1,
allowed us to correct for matrix-induced variation and instrumental drift.

To verify the analytical performance of the applied method, we validated the selected parameters.
Calibration curves were determined by the interpolation method. For all analytes, the calibration
curves demonstrated very good linearity, and the correlation coefficients were 0.999 for all elements.
The limit of detection (LOD) was considered three times the standard deviation (SD) for the ten
independent blank samples. The estimated detection parameters were as follows: As—0.005 µg/g;
Cd—0.003 µg g−1; Cr—0.01 µg g−1; Ni—0.01 µg g−1; Pb—0.009 µg g−1. Precision values, expressed as
relative standard deviations, were estimated as As—2.3%; Cd—1.6%; Cr—2.3%; Ni—2.5%; Pb—2.1%.
Establishing traceability of measurement was performed by applying: Water reference material NIST
1643e (NIST, Gaithersburg, MD, USA) and trace elements in spinach leaves NIST SRM 1570a (NIST,
Gaithersburg, MD, USA). In the course of the study, the control materials were run every 10 samples to
ensure analytical accuracy. The calculated recoveries for NIST SRM 1570a were As—95%; Cd—98%;
Cr—93%; Ni—96%; Pb—98%; NIST 1643e recovery values ranged from 95% to 101%.

2.3. Gas Exchange Measurements

Before (Day 0), in the middle (Day 14), and at the end (Day 28) of each exposure series,
net photosynthetic activity (PN), stomatal conductance (gs), and intercellular CO2 concentration
(Ci) were measured. Leaves without mechanical injury and fully developed leaves were chosen.
Gas exchange investigations were conducted with the aid of the portable photosynthesis system Ci
340 aa (CID BIOSCIENCE Inc., Camas, WA, USA). The constant conditions in the leaf chamber were
maintained to ensure similar conditions of measurements at every site: CO2 inflow concentration
(390 µmol (CO2)mol−1), photosynthetic photon flux density (PPFD) 1000 µmol (photon) m−2s−1,
a chamber temperature of 23 ◦C, and relative humidity of 50% ± 3%. Gas exchange measurements
were performed between 10:00 and 15:00 h. Five plants (replicates) were analyzed at every site.

2.4. Statistical Analysis

Results were analyzed with a factorial ANOVA with “exposure site” and “day of measurement”
as fixed factors. Before ANOVA, the normality and homogeneity of data were checked. Shapiro–Wilk’s
test and Bartlett’s test were conducted, respectively. The data normality and Box–Cox’s transformation
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were performed in case of a lack of data normality and homogeneity. The differences between measured
parameters were analysed with the aid of Tukey’s test, while principal component analysis (PCA) was
performed to determine the structure and rules between variates. In this analysis, the orthogonal
transformation of observed variates to a new set of non-correlated variates (components) was performed.
Pearson’s correlation coefficients were presented in the form of a matrix of correlations. The data were
analyzed with the statistical software STATISTICA 13.1 R platform version 3.6.1.

3. Results

3.1. Trace Elements Accumulation and Meteorological Conditions

The results varied between sites and series. The possibility of trace elements accumulating changes
during the growing season, which might be related to changing meteorological conditions. Hence,
the variation between sites might be more important for further recommendations for certain areas of
environmental management and we were more focused on site variability. One-way ANOVA within a
certain series revealed a highly significant effect of site on each element accumulation in plants (Table 1).
Trace element concentrations in L. multiflorum leaves varied between exposure series. Chromium and
nickel accumulation levels were mostly the highest in plants located in urban areas (sites 2 and 3);
however, higher levels were also noted at the agricultural site (site 6) (Table 2). The highest levels of
these two elements were observed after the second and third exposure series, which might be related to
the highest precipitation levels (Table 3). The Agro-ecological Landscape Park (site 4) was found with
the highest arsenic accumulation in plants in all series (excluding series 1). Although arsenic-based
pesticides are no longer used, elevated arsenic levels may be connected with a windblown dispersion of
fine particulate material containing arsenic. Cadmium and lead accumulation levels were the highest
at urban sites. The highest cadmium levels were observed after the third series, the highest lead levels
after the second series (Table 2).

Table 1. One-way ANOVA results (F statistics) of element accumulation in leaves at six sites (including
control). The site is an influencing factor. *** statistically significant at level α ≤ 0.001.

Parameter 1st Series 2nd Series 3rd Series 4th Series

Cr 75.80 *** 123.90 *** 60.49 *** 98.96 ***
Ni 15.87 *** 15.23 *** 31.26 *** 117.97 ***
As 6.80 *** 428.58 *** 68.45 *** 12.62 ***
Cd 16.68 *** 22.74 *** 14.70 *** 348.14 ***
Pb 15.16 *** 325.14 *** 76.00 *** 35.88 ***

Table 2. Trace elements concentrations (means ± SD, n = 5) in L. multiflorum leaves measured after four
exposure at exposure and control sites.

Series Site Cr
(µg g−1)

Ni
(µg g−1)

As
(µg g−1)

Cd
(µg g−1)

Pb
(µg g−1)

1–4

1

1 (control) 0.233 ± 0.025 0.690 ± 0.035 0.018 ± 0.006 0.093 ± 0.001 0.000 ± 0.000
2 1.581 ± 0.072 1.932 ± 0.067 0.295 ± 0.051 0.156 ± 0.021 0.342 ± 0.029
3 1.570 ± 0.083 1.881 ± 0.074 0.519 ± 0.011 0.224 ± 0.040 0.304 ± 0.014
4 1.723 ± 0.067 2.035 ± 0.071 0.425 ± 0.011 0.149 ± 0.016 0.388 ± 0.028
5 1.879 ± 0.350 1.742 ± 0.246 0.268 ± 0.013 0.162 ± 0.016 0.396 ± 0.013
6 1.520 ± 0.086 1.796 ± 0.321 0.376 ± 0.007 0.248 ± 0.026 0.481 ± 0.017

2

2 2.876 ± 0.262 1.493 ± 0.235 0.069 ± 0.006 0.190 ± 0.004 0.883 ± 0.066
3 2.114 ± 0.101 1.468 ± 0.081 0.031 ± 0.007 0.312 ± 0.012 1.086 ± 0.176
4 2.204 ± 0.219 1.437 ± 0.101 0.533 ± 0.006 0.128 ± 0.009 0.275 ± 0.020
5 2.049 ± 0.068 1.254 ± 0.040 0.088 ± 0.006 0.111 ± 0.011 0.322 ± 0.020
6 2.508 ± 0.227 1.594 ± 0.206 0.049 ± 0.001 0.119 ± 0.017 0.164 ± 0.022
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Table 2. Cont.

Series Site Cr
(µg g−1)

Ni
(µg g−1)

As
(µg g−1)

Cd
(µg g−1)

Pb
(µg g−1)

3

2 2.872 ± 0.218 1.923 ± 0.083 0.044 ± 0.004 0.285 ± 0.021 0.234 ± 0.027
3 3.384 ± 0.159 2.255 ± 0.100 0.036 ± 0.005 0.347 ± 0.006 0.210 ± 0.031
4 4.469 ± 0.858 2.222 ± 0.603 0.225 ± 0.016 0.322 ± 0.016 0.167 ± 0.020
5 1.829 ± 0.133 1.205 ± 0.050 0.041 ± 0.004 0.122 ± 0.006 0.038 ± 0.018
6 3.168 ± 0.382 1.955 ± 0.116 0.046 ± 0.007 0.225 ± 0.023 0.106 ± 0.002

4

2 2.512 ± 0.117 1.762 ± 0.057 0.053 ± 0.009 0.381 ± 0.044 0.632 ± 0.082
3 2.368 ± 0.159 1.587 ± 0.063 0.061 ± 0.003 0.413 ± 0.086 0.181 ± 0.022
4 1.921 ± 0.223 1.397 ± 0.105 0.100 ± 0.011 0.173 ± 0.010 0.028 ± 0.002
5 1.768 ± 0.145 1.416 ± 0.152 0.041 ± 0.013 0.215 ± 0.024 0.069 ± 0.009
6 2.373 ± 0.102 1.718 ± 0.061 0.066 ± 0.011 0.195 ± 0.014 0.673 ± 0.064

Table 3. Mean values of meteorological parameters (temperature, air humidity, and ultraviolet B (UVB)
radiation) and the sum of precipitation for series.

Series Temperature (◦C) Air Humidity (%) UVB Radiation
(W·m2)

PrecipitationSum
(mm)

16.05–12.06 17.67 64.97 246.19 10
13.06–10.07 18.20 76.34 103.89 86
11.07–07.08 17.00 81.00 171.72 155
08.08–04.09 16.00 78.25 181.36 43

Means 17.00 76.62 173.92 294 (sum)

3.2. Gas Exchange Parameters

Gas exchange parameters varied between sites and series; however, the differences in plant
response might also be seen within each series due to the growth of plants and changes in physiological
plant response at each site. Two-way analysis of variance revealed a highly significant effect of site and
term of measurement interaction on the net photosynthesis rate in all exposure series, while gs and Ci

results were statistically dependent on site only during the second and third series (Table 4).

Table 4. Two-way ANOVA results of photosynthetic activity parameters measured before, in the middle,
and after exposure in four series and six sites (including control). F statistics of the interaction of site
and term of measurement within the series. *** statistically significant at level α ≤ 0.001, ** statistically
significant at level α ≤ 0.01, ns—not significant.

Parameter 1st Series 2nd Series 3rd Series 4th Series

PN 8.331 *** 7.393 *** 8.208 *** 16.633 ***
gs 1.225 ns 66.845 *** 6.083 *** 1.387 ns
Ci 1.542 ns 3.327 ** 10.649 *** 12.788 ns

The net photosynthesis rate varied between series and sites. The lowest level was mostly noted
at urban sites in all exposure series. The mid-series measurements during the first series revealed a
decrease at both urban sites and an increase at the end; however, these values did not reach the level
before exposure. The highest level of PN was observed after exposure for the first series (Figure 2),
which might be connected to the relatively low levels of trace elements in comparison to the other
series (Table 2).
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Figure 2. Net photosynthesis rate (PN) of L. multiflorum measured at control and exposure sites during
four series. Vertical bars represent standard errors; different letters denote significance difference at
level α ≤ 0.05 between all treatments within each series.

Overall, the lowest levels of PN were noted after exposure in the second and fourth series.
Moreover, a decrease of PN at the end of exposure was observed in most exposed plants of the fourth
series (excluding site 6), whereas the response pattern varied in other series. Usually, the highest level
of PN was recorded at sites 4 and 6 (Figure 2).

Stomatal conductance was related to PN response, and usually, a decrease at the end of exposure was
noted; however, the lowest levels were noted in the last two series and there were no differences between
plants from almost all sites at the end of exposure in the fourth series (Figure 3). Intercellular CO2

concentrations also varied between sites and series, and the highest levels were noted in the second
series, where the lowest levels of PN were also recorded (Figures 2 and 4). An increase of Ci at the end
of the exposure series was noted—this was especially valid for the last series. Additionally, during the
fourth series, a higher increase of Ci was found in plants located at urban areas (sites 2 and 3); however,
during the second series, a relatively high level of Ci was noted in plants exposed at site 4, where a
high level of PN was also observed. In some exposure sites, a decrease of PN and gs after 14 days of
exposure was noted and then an increase, but not higher than the level at day 0. In some cases, this
was related to the opposite level of Ci (Figures 2 and 4).
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Figure 3. Stomatal conductance (gs) of L. multiflorum measured at control and exposure sites during
four series. Vertical bars represent standard errors; different letters denote significance difference at
level α ≤ 0.05 between all treatments within each series.

Figure 4. Intercellular CO2 concentration (Ci) of L. multiflorum measured at control and exposure
sites during four series. Vertical bars represent standard errors; different letters denote significance
difference at level α ≤ 0.05 between all treatments within each series.

3.3. Relations between Trace Element Accumulation and Photosynthetic Activity

PCA revealed that after the first exposure series PN and gs had negative relations to all measured
trace elements, whereas Ci revealed a positive or no relation to trace element concentrations. A positive
location of trace elements of control site to PN and gs was noted opposite to the exposure sites. In the
rest of the series, Ci revealed a positive relation to trace elements (excluding As). A similar location
of the control site concerning PN and gs was found in the rest of the series. Arsenic was found in a
position indicating no relation to photosynthetic parameters and trace elements (Figure 5).
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Figure 5. Principal component analysis of photosynthetic activity parameters and trace elements
concentrations (arrows) and samples from each exposure sites (points) in four exposure series (A–D,
respectively). Ellipses represent the confidence intervals of points.

The accumulation and photosynthesis activity level in ambient air conditions might be the
synergistic result of many factors, including other air pollutants (such as oxidative and particulate
matter), meteorological conditions, and trace elements accumulation. To analyze these possibilities,
a matrix of correlation was performed. All data from the experiment and the sites were taken into
consideration. A positive relation was found between PN and such parameters as, SO2, O3, and UVB
radiation, whereas gs revealed a positive relation to air temperature. A negative relation was found
between PN and Cr, Cd, Pb, NOx, and air humidity. A strong negative relation was also found between
gs and Cd (Figure 6).

Figure 6. Matrix of correlations between photosynthesis activity parameters, trace elements
accumulations, meteorological parameters, and other air pollutants.

4. Discussion

Air pollution by trace elements can cause several negative effects on the environment, including
plants. The main sources of trace elements in the Wielkopolska region are transport, households,
and agriculture. Air pollution caused by these sources is hard to eliminate due to population growth,
vehicular traffic, and food production. The accumulation of elements in plant tissue might be related
to meteorological conditions, such as precipitation. The highest precipitation was noted in the third
series (Table 3), together with the elevated accumulation of some elements, such as chromium, nickel,
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and cadmium. The lower levels of arsenic and lead may be associated with rainfall, which may interfere
with metals’ bioavailability characteristics [29].

Plant growth is influenced by many synergistic and antagonistic factors that determine the final
result. We have correlated trace elements accumulation and photosynthesis activity parameters to
meteorological parameters and other air pollutants. Some oxidative air pollutants also influenced plant
photosynthesis and the potential to accumulate trace elements. A positive relation was found between
PN, tropospheric ozone and solar radiation. A positive relation between ozone and UVB is related to
the conditions of ozone creation, where solar radiation is a key factor [30]. Tropospheric ozone is a
well-known phytotoxic air pollutant and harms many crop plants [31]; however, we observed that
trace elements were more negatively-related to photosynthesis plant activity than this air pollution.
NOX air pollution related negatively to PN, while some authors previously found a positive role of
NOX and SO2 on plant response at certain levels in control conditions [32]. We can conclude that
some negative effects of elements on plants, such as Cd, Cr, and oxidative air pollutants, such as NOX,
might be important. So, it is important to take into consideration all possible influencing factors during
ambient air condition experiments.

Air pollution can cause a decrease in plant productivity due to its direct effect on plants and an
indirect effect on the environment, such as soil and water [33]. Most exposed plants usually reveal
some physiological changes before visible symptoms occur [34]. The negative role of airborne trace
elements in particulate matter on photosynthetic activity, as well as on nitrate assimilation, was already
proven [35]; however, there is a lack of studies in ambient air conditions confirming these findings.

Negative effect of trace elements on photosynthetic activity can be observed. On the other
hand, in the case of cadmium hyperaccumulators and tolerant species, an elevated photosynthetic
activity can also be found as an adjustment to stress due to tolerance of their carbon assimilation
enzyme (Rubisco) [36] and carbonic anhydrase [37]. Shanying et al. [38] indicated a protective role of
organic-Cd complex formation and changing the interactions of Cd with other elements, as a tool to
protect the photosynthetic process against excessive Cd levels in hyperaccumulator species; however,
many authors have pointed out the non-essential function of cadmium in plants and the negative effect
of its excess on photosynthesis and biochemical processes [39,40].

Although toxic levels of Cd in plant tissues, which are considered to be 3–30 mg kg−1 [41,42],
were not recorded in our experiment, decreases of PN and gs were found as well as a negative relation
to Cd in all exposure series. This might indicate a low level of tolerance of L. multiflorum to Cd in the
atmosphere, as well as the potential of PN and gs to be early-stage indicators of Cd stress without
visual symptoms. Decreasing stomatal conductance was also found as an effect of Cd influence on
plants [43,44].

There have been relatively few studies on the effect of arsenic on photosynthesis; however,
a chemical relation between arsenate and phosphate was reported, which enables the replacement of
the latter in ATP (adenosine triphosphate), which in turn may cause an imbalance in growth and plant
metabolism [45]. Rahman et al. [46] found a negative effect of arsenic on chlorophyll content, which in
turn can disrupt photosynthesis.

Nickel was found to be an essential element for plants in amounts between 0.01 and 5 µg g−3

DW [47]. Nevertheless, our results show that some effects on photosynthetic activity can already be
observed within this range. A negative relation of Ni accumulation and PN, as well as gs, was found.
Similarly, as for Cd, it may indicate low tolerance of photosynthesis and further potential as a biomarker
of trace element stress without visible symptoms. A nickel-caused decrease of PN and gs was already
found in wheat, which was related to stressed carbon metabolism and similarly, as in the case of Cd,
with a decrease of Rubisco [48]. The relation between Ni leaf concentration and PN decrease was also
found in poplar [49]. The authors related the reduction of the photosynthetic process to mesophyll
conductance and metabolism impairment. Some hyperaccumulators of Ni, such as Arundo donax L. [50],
also showed no response or even an increase of photosynthetic activity, which may indicate that
L. multiflorum can be tolerant or even a sensitive indicator without visible symptoms.
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Similarly to Cd and Ni, chromium affects photosynthesis through a disturbance in Rubisco [51,52],
CO2 fixation, and electron transport [9,53]. Decreases of PN, gs, and transpiration rate were observed
in chromium-treated Lolium perenne plants [50], pea [52], and Datura innoxia [54].

Lead was also found to be a disruptor of the photosynthetic process due to inadequate carbon
dioxide concentration because of stomatal closure, obstruction of the electron transport system,
and distorted chloroplast ultrastructure [55]. We have noted a decrease of PN and gs, which caused a
reduction of CO2 availability for photosynthesis, similar to reports by previous authors.

5. Conclusions

Net photosynthesis rate (PN) and stomatal conductance (gs) were mostly negatively associated
with all analyzed trace elements, unlike to CO2 concentrations (Ci). Arsenic was found with opposite
trend in two exposure series. The high accumulation of Cd and Pb in plants recorded at two sites was
mostly related to lowest PN and gs. Similar tendency for PN was found at sites and series with the
highest Cr and Ni content in plants. Based on our results, we can conclude that L. multiflorum is a plant
showing low tolerance of the photosynthetic process to the presence of trace elements in ambient air
and, in turn, its photosynthetic parameters are potential indicators of stress caused by trace elements
in the air without visible symptoms. The plant response was also connected with the other factors
occurring in the ambient air conditions, such as other pollutants and meteorological parameters.
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