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Abstract: The research objective was to use proximal spectroscopy in visible and near infrared
(VNIR) spectra to determine the total leaf nitrogen (TN) content and the above-ground biomass of
Miscanthus x giganteus (MxG) grown in the open-roof greenhouse experiment on soil contaminated
with cadmium and mercury (100 mg Cd/kg soil; 20 mg Hg/kg soil), in dependence of different soil
amendments in four treatments (I-soil without amendment; II-sludge; IIl-mycorrhizae; IV-MxG ash).
Leaf reflectance was acquired using a field spectroradiometer (350-1050 nm) at the end of the vegeta-
tion period between 2018 and 2019 (n = 24). TN content was determined using the dry combustion
method, while biomass was weighted immediately after the harvest. In terms of the treatment effect,
sludge showed the greatest contribution in TN content. Regarding the biomass quantity, MxG ash
revealed the best results as soil amendment. Applying the partial least squares regression, complete
correlation and low root mean squared error (RMSE) were obtained between predicted and measured
values for the validation dataset of TN content (R2 =0.87, RMSE = 0.139%), while a strong correlation
was calculated for biomass (R2 = 0.53, RMSE = 0.833 t/ha). As an additional tool with analytical
methods, proximal spectroscopy is suitable to integrate the optical and physiological properties of

MNxG, and to assess nutrient stress in crop grown on contaminated soils.

Keywords: miscanthus; heavy metals; soil amendments; leaf reflectance; PLSR

1. Introduction

Many soils are known to be contaminated with heavy metals due to industrializa-
tion [1]. It is not possible to grow food crops on such soils, but this is not the case with
energy crops produced for biomass, and one of the more favorable crops for this purpose
is miscanthus (Miscanthus x giganteus—MxG), a perennial plant adaptable to different
climatic and pedological conditions, resistant to diseases and pests, and low fertilization
requirements [2,3]. MxG belongs to the group of excluders [4-6], or plant species whose
concentration of heavy metals in the aboveground parts manifests below critical values.
Zgorelec et al. [6] consider MXG as one of the most researched bioenergetic plants for
remediation due to its morphological and physiological characteristics, and emphasize its
potential for phytoremediation. The same authors state that MxG is a good candidate for
the phytostabilization of Hg and Cd due to low metal accumulation in the above-ground
biomass, which could be beneficial for production on soils moderately contaminated with
Cd and Hg.

When exposing a plant to higher concentrations of heavy metals, Kramer et al. [7] list
adverse effects such as transpiration disorder, oxidative and nutritional stress, photosyn-
thesis inhibition, and carbohydrate metabolism disorder. The negative effect of cadmium
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is manifested in the form of reduced nitrate absorption and transported from roots to
shoots [8]. The intake of cadmium in the plant is influenced by the content of soil organic
matter and the pH value of the soil [9]. In an acid soil reaction, the plant absorbs cadmium
more easily. Fernando and Oliveira [4] state that with increasing cadmium concentration in
the soil, there is an increase in cadmium accumulation in miscanthus shoots and a decrease
in the plant height and dry mass of shoots affecting nitrogen uptake from the soil. Excess
cadmium can also cause chlorosis, which is a major symptom of cadmium toxicity along
with developmental delay [1,10,11]. As for the influence of mercury in the soil-plant chain,
it binds very easily to organic matter [12]. Toxic levels of Hg?* can cause visible plant
damage and various physiological disorders [13,14]. The most common symptoms of
mercury contamination are inhibition of photosynthesis and potassium intake, retardation
of seedling and root growth, yield reduction, impairment of plant transport systems and
water uptake, and leaf chlorosis [15-17].

For this reason, plants have developed various mechanisms to control the entry
and transport of metals within their organs. Thus, various protein molecules have been
created to control the transport of metals, perform detoxification, establish tolerance to
metals (chelators), and influence the trade and delivery of metal ions [18,19]. According
to Zgorelec et al. [6], perennial plants with high above-ground biomass yield potential are
suitable for cultivation on contaminated soils, during which various soil amendments can
be used such as mycorrhiza, waste sludge, and ash. These amendments are used to increase
biomass yield, but also have other functions such as increasing soil organic matter, plant
absorption potential, and metal immobilization in soil [6]. Due to its composition, waste
sludge, as well as ash, raises soil pH [20,21], immobilizing heavy metals in the soil and
reducing their availability, while mycorrhiza transforms heavy metals. Waste sludge is
considered a very good improver due to the content of micro and macronutrients, and
especially due to the ability to improve soil structure, aerate the soil, and retain moisture in
the soil [20]. The same authors state that the organic matter of sludge decomposes in the soil
into inorganic components that are very easily incorporated into humus and clay particles,
becoming readily available to plants. Moreover, biosolids generally improve microbial
community composition and enzyme activities, indicating improved soil health [22]. Ash,
as a by-product of industry, is considered a soil conditioner that aerates the soil, neutralizes
soil acidity, and improves the structure of heavy clay soils. In addition, its composition
(potassium and phosphorus) helps to increase crop yields. Biochar can ameliorate soil
pollution of a variety of pollutants. It reduces the availability of toxic metals and organic
pollutants, reduces soil N losses, increases crop yields or biomass productivity as a fertilizer,
and contributes to the remediation of contaminated soils [21,23]. Mycorrhiza is a mutually
beneficial relationship between the roots of plants and the mycelium of mycorrhizal fungi in
which the fungus facilitates the plant’s uptake of water and nutrients, and the plant provides
the mycorrhizal fungus with nutrients produced by photosynthesis [24]. As stated by
Ali et al. [25], fungal endophytes produce beneficial secondary metabolites that strengthen
the defense systems of crops and alleviate various environmental stresses, such as toxicity
caused by heavy metals.

The development of diagnostic tools based on remote sensing methods can be useful
for the improvement of crop yields and the systematic supply of energy crops biomass [26].
In the context of precision agriculture, proximal and aerial remote sensing can be applied
as a non-destructive method for monitoring the quality and quantity of miscanthus in
terms of the assessment of nitrogen status in above-ground crop biomass and yield forecast
during the growing season [27]. Plant tissue has a unique spectral imprint that changes
under the influence of phenological changes and environmental factors [28,29]. The optical
properties of leaves in the 350-1050 nm range contain information about the concentrations
of plant pigments and the leaf cellular structure [30], and, thus, about the nitrogen content
in the leaf. Within this range, there are wavelengths of 450 nm and 670 nm whose energy is
strongly absorbed by chlorophyll. The green part of the spectrum (530-590) and the red
edge (about 700 nm) are the most sensitive to changes in chlorophyll content [31], and in
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the NIR region of the spectrum (700-1300 nm), reflectance and transmittance are generally
high. NIR methods have been shown to be very suitable due to their rapid determination of
biomass composition, including leaf water content, dry matter, and protein content [32,33].
By measuring the reflection of plant tissue in the visible and near-infrared (VNIR) regions
of the electromagnetic spectrum, it is possible to determine physiological and biochemical
processes in the cell, such as the decrease of green quantity and photosynthesis or the
decline of nutrient absorption and transportation in a crop grown on soils contaminated
with heavy metals, even before the appearance changes [29].

Using chemometric methods, it is possible to integrate the optical and physiological
properties of the plant tissue of MxG in the assessment of nitrogen content and compo-
sition [34]. The results of these methods vary depending on the scale of the survey, the
complexity of the calibration model, the spectral regions of the survey, and the type of
vegetation [31]. Thanks to the development of hyperspectral sensors, information on the
state of plants can be evaluated from the reflection of a large number of wavelengths, up to
700 wavelengths in the case of this study (350-1050 nm). Various empirical approaches and
multivariate statistical methods have been developed to obtain agronomic data based on
hyperspectral data, such as simple linear regression (SLR), principal component analysis
(PCA), partial least squares regression (PLSR), multiple linear regression (MLR), and ar-
tificial neural network (ANN) [35]. Feng et al. [36] used PLSR and least-squares support
vector machine to estimate Cd concentrations in Mischantus sacchariflorus from VNIR spec-
tral reflectance and determined a complete correlation for the prediction set (R = 0.91).
Classification methods (ANN, PCA, discriminant analysis) were also used to distinguish
Mischantus species based on VNIR spectroscopy [37].

The research objective was to use proximal VNIR spectroscopy to determine leaf
N content and the above-ground biomass yield of Miscanthus grown in the open-roof
greenhouse experiment on soil contaminated with cadmium and mercury in dependence
of different soil amendments. The specific goals were (a) to determine the influence of
soil contamination with cadmium and mercury on TN content in MxG leaf, above-ground
biomass yield and leaf reflection; (b) to discriminate between experiment treatments based
on hyperspectral leaf reflection; and (c) to develop a calibration model to estimate leaf
TN content and the yield of aboveground MxG biomass based on leaf reflection using a
linear algorithm.

2. Materials and Methods
2.1. Experimental Design

The experiment was set up in an open-roof greenhouse on 5 August 2018, and took
place in two vegetation years: 2018/2019 and 2019/2020. Soil moisture was kept at the
level of the field water capacity. Climatic conditions for the three years of the study
period (2018, 2019, and 2020) included annual precipitation (853.6 mm, 1000.5 mm, and
950.4 mm, respectively) and mean annual air temperature (13 °C, 13 °C, and 12.6 °C,
respectively) (data from the Croatian Meteorological and Hydrological Service—station
Maksimir, Zagreb, Croatia).

Miscanthus x giganteus seedlings were planted in plastic pots (experimental pots—EP)
with a size of ¢ 27 cm and a soil substrate weight of 18 kg according to a completely
randomized design in four treatments and three replicates (Table 1). The basic part of
each treatment was highly contaminated soil with cadmium and mercury (L2). Different
soil amendments were used in varying proportions (I-soil without amendment; II-sludge;
III-mycorrhizae; IV-MxG ash) (description in Section 2.3). A small amount of homog-
enized soil contaminated with cadmium and mercury was added to the clean soil and
everything was homogenized and mixed. Soil in each EP contained 100 mg Cd/kg soil
and 20 mg Hg/kg soil in the form of CdO) with 99% purity and HgCly() with 99.5%
purity, respectively.
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Table 1. Different soil amendments added to soil with a high level of contamination (L2)—100 mg
Cd/kg soil and 20 mg Hg/kg soil.

Treatment R.No. ! Mark Soil Amendments Description
1 Highly contaminated soil with
I. L2 + soil without 3 L2 18 kg soil /EP 2 cadmium and mercury + pure soil from
amendment 3 (100 mg/kg Cd i 20 mg/kg Hg) the agricultural experimental field
Maksimir
II-1 18 kg soil Highly contaminated soil with cadmium
II. L2 + sludge 3 11-2 340 g waste sludge/EP 2 and mercury + waste sludge from the
II-3 (liquid, 97% natural moisture) ~ fermenter of biogas plant Agroproteinka
1I-1 18 kg soil . . g
III. L2 + mycorrhizae 3 111-2 5 mL mycorrhizae/EP 2 or an;Iilggy f:inrf?mitef rsr?ll V\:;l}lliz
111-3 15 mL/3 plants cacmitim and Mercity + mycorrtzae
V-1 13.5 kg soil Highly contaminated soil with
IV-L2 + MxG ash 3 i&; soil/ash ratio 75/25 cadmium and mercury + MxG ash

! repetition number; 2 experimental pot.

2.2. Soil Properties

The pure soil from agricultural experimental field used as a substrate in EP was
characterized as silty-loam texture (sieving and sedimentation method were used [38])
(Table 2). According to the results of soil chemical analysis, the soil used was slightly acidic
(I MKClin 1:2.5 (m/v) [39]) and rich in humus (wet combustion method with sulfochromic
oxidation [40]). The soil was rich in total nitrogen (classification according to Woltmann)
(dry combustion (Dumas) method [41]). The elements C, N, and S were analyzed by
dry combustion method on the Vario Macro CHNS analyzer (Elementar, Langenselbold,
Germany, 2006). The supply of plant available phosphorous and potassium to the soil was
very low (classification according to Baumgarten) (AL method; extraction with ammonium
lactate acetic acid at a ratio of 1:20 (m/v) [42]). The CEC value was 18.9 cmol(+) kg !
(barium chloride method in the ratio of 1:40 (m/v) [43]).

Table 2. Soil chemical and physical properties.

pHKCl Humus P,0Os5 K,O TN TC TS CEC Texture, %
) o mg/100 g mg/100 g o o o Coarse Fine Coarse Fine
o Soil Soil o o oo emoltVkg  gind sand  silt  sile O
6.23 3.8 4.4 7.8 0.23 2.48 0.049 18.9 4.4 10.0 38.0 37.7 9.9

2.3. Soil Amendments

Waste sludge from the Agroproteinka biogas plant fermenter was used as the second
treatment. The sludge was analyzed as bacteriologically correct. It was in the form of
a liquid with 97% natural humidity. Three hundred and forty grams of sludge per EP
was used, i.e., 1020 g in 3 pots, which corresponds to the prescribed amount of 1.66 t/ha
according to the regulation on sludge management from wastewater treatment plants when
sludge is used in agriculture [44]. Mycorrhizal inoculum (live mycorrhizal mycelium—
MYKOFLOR®, Konskowola, Poland and AgroHydroGel®—AGROIDEA, Krakow, Poland)
was used as the third treatment. Mycorrhiza is in the form of a water solution as a gel.
It can be introduced directly into the soil and is immediately able to form a symbiosis with
the plant root. Agrohydrogel is biodegradable and retains its properties in the soil for
5 years. One kg of agrogel can store up to 300 L of water, of which 95% can leave to the
plant. In the experiment, 5 mL of mycorrhiza on an EP or plant was used, and 15 mL of
mycorrhiza on 3 plants, respectively. The fourth treatment used was bottom ash, derived
from direct combustion of MxG biomass. The goal was to achieve a soil to ash ratio of 75:25.
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Therefore, 13.5 kg of soil and 4.5 kg of MxG ash were used for a total amount of 18 kg of
substrate per EP.

2.4. Biomass Sampling and Analysis

The first above-ground biomass harvest took place on 15 March 2019, while the second
was carried out on 12 March 2020. Stem and leaves biomass was weighted directly after
the harvest and expressed as t/ha. The water content in plant tissue was determined on
a mass basis (gravimetric method [45]). Total leaf N [41], C [46], and S [47] content (%)
were analyzed by dry combustion method on Vario Macro CHNS analyzer (Elementar,
Langenselbold, Germany, 2006).

2.5. VNIR Spectroscopy

Spectral data were obtained by a non-destructive measurement of electromagnetic
radiation reflection from the surface of Miscanthus leaves, while the following agronomic
variables were used to develop the calibration model: total nitrogen content in the leaf
(TN%) and aboveground biomass yield. On the same samples of plant material, standard
laboratory analyzes of the total N content in the leaf dry matter were performed, and
immediately after harvest, the yield of above-ground biomass was determined. Proximal in
situ reflectance measurements were acquired at the end of vegetation period on 6 November
2018 and 25 October 2019 (n = 24). For non-destructive measurements of leaf hyperspectral
reflection in an open greenhouse, a portable spectroradiometer FieldSpec® 3 (ASD Inc.,
Boulder, CO, USA, 2007) was used, which simultaneously records data for 700 wavelengths
within a range of 350-1050 nm, a spectral resolution of 3 nm, and sampling interval 1.4 nm.
Reflectance measurements were performed on leaves from each EP, i.e., from all treatments,
representing a sub-sample of each individual EP—3 spots per plant leaf. The reflectance
spectra for a single sample was the average of ten consecutive measurements. The resulting
spectral signal noise was reduced by averaging the spectrum over a given wavelength
range. White reference (Spectralon®, 98.2% average reflection, NIST, Labsphere, North
Sutton, NH, USA) measurements were taken before initial leaf readings and repeated
approximately every 15 min. Samples were scanned using hand-held fiber-optic probe and
artificial light according to cloudy weather conditions. The spectral reflection of the sample
is expressed as a reflection factor.

2.6. Statistical Analysis

A two-way ANOVA was applied to test the effects of treatment, vegetation year,
and treatment X vegetation year interaction, based on Miscanthus leaf TN content and
aboveground biomass. If significant differences were observed at a p < 0.05, a Fisher LSD
post hoc test was applied (Statistica 12, [48]). For qualitative analysis of leaf reflection,
spectral data were processed using ViewSpec Pro 6.2.0. software [49]. The pre-processing
method included normalizing to minimize the variations due to illumination intensity
changes and distance between the leaf and fiber optic probe. Reflectance spectra were
transformed to first derivative using Savitzky-Golay filter (2nd-order polynomial; number
of smoothing points: 3). The first derivative was used to reduce the effects of the multiple
scattering of radiation due to sample geometry and surface roughness, and to calculate the
rate of change of reflectance with wavelength. The data were centered and normalized to a
unit standard deviation.

The spectral data of 24 samples of miscanthus leaves were calibrated for leaf TN
content and biomass yield, using partial least squares regression (PLSR) with full cross-
validation, with each observation serving as a test set to confirm the predictive model
(Unscrambler 9.7, [50]). The prediction models were validated to estimate accuracy and
predictive power based on the coefficient of determination (R?) and root mean square error
(RMSE) (95% confidence limits).
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3. Results and Discussion
3.1. Variations of Crop Variables

Table 3 shows mean values, standard deviation (STD), and relative standard deviation
(RSD) for the proportions of nitrogen, carbon, sulfur, and moisture in the aboveground
biomass of Miscanthus. A high RSD (102.13% and 95.65%) was obtained for samples where
values differed greatly within replicate, e.g., in 2018 the moisture for sample II-3 was 7.7%,
and in sample II-1 it was 14.8%. According to the data presented, greater variability in plant
variables was recorded in the first vegetation year in the II-sludge treatment compared to
the other treatments indicating differential feedback of young crop to nutrient rich waste
sludge under stressed soil conditions. In 2019, data on crop N, S, and moisture content
were more scattered in treatment I (contaminated soil without amendment), likely due
more pronounced stress from heavy metals in the soil during the second growing year.

Table 3. Results of descriptive statistics for the content of nitrogen, carbon, sulfur and moisture in the
aboveground biomass of miscanthus.

Statistical Vegetation Year 2018 Vegetation Year 2019
Treatment
Parameter N(®%) C(%) S(%) Moisture (%) N (%) C(%) S(%) Moisture (%)
Lol with Mean 0.54 48.65 0.11 12.93 1.17 46.34 0.20 8.91
~so1 Vlet O‘it STD ! 0.01 0.28 0.001 234 0.20 0.97 0.03 2.31
amendmen RSDY% 2 6.54 1.77 433 54.42 52.87 6.33 58.03 77.80
Mean 0.69 49.07 0.11 10.74 1.44 48.09 0.17 8.41
II-sludge STD 0.15 0.39 0.003 3.65 0.11 3.81 0.01 0.71
RSD% 65.44 2.40 8.41 102.13 23.22 23.77 27.38 25.42
- Mean 0.62 48.37 0.11 7.94 1.12 46.07 0.17 11.68
veorthizac STD 0.10 0.25 0.002 2.53 0.03 1.07 0.002 1.92
Y RSD% 48.08 1.60 6.99 95.65 9.72 6.99 3.83 4952
Mean 0.47 47.16 0.11 9.91 1.08 4354 0.18 6.31
IV-MxG ash STD 0.09 0.30 0.003 0.43 0.16 1.39 0.01 0.20
RSD% 57.64 1.96 8.29 13.23 47.02 9.61 31.30 9.64

1 standard deviation; ? relative standard deviation.

Table 4 shows the analysis of variance for leaf TN content and amount of aboveground
biomass for two vegetation years. A statistically significant effect of treatment on TN
content in Miscanthus leaf was found at the level of p < 0.01 within two vegetation seasons.
The difference between years was also statistically significant at the level of p < 0.001. The
interaction of treatment X year showed no statistical significance. In the case of biomass,
a statistically significant difference between vegetation years was found at the level of
p <0.01. The treatment X year interaction, as well as the difference in treatments was not
statistically significant.

Table 4. Two-way ANOVA results for MxG leaf total nitrogen content and aboveground biomass.

TN, % Biomass, t/ha
ANOVA Results
p-Value
Treatment > n.s.
Year *%% 3%
Treatment X year n.s. ns.

Significant differences at p < 0.01 **; p < 0.001 ***; n.s. not significant at a p < 0.05.

Figure 1 shows N content in above-ground biomass as a function of treatment for
two vegetation years with post-hoc test results. It can be seen that higher nitrogen content
was found in plants at all treatments in 2019 compared to the year before (TN: 0.5-0.7%
and 1.1-1.5%, respectively). The difference is between the treatment with sludge and the
other three treatments: soil without amendment, mycorrhiza, and MxG ash, statistically
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different in 2019. The last three treatments are not statistically different. The most efficient
treatment in both years was II-sludge (sludge: high pH-8.5 and N-0.7%), as it increased TN
content in the MxG leaf compared to other treatments. Waste sludge proved to be a more
significant treatment than others due to the very good chemical composition of macronu-
trients: calcium (384 mg/kg), phosphorus (80.0 mg/100 g), potassium (65.83 mg/100 g),
nitrogen (0.72%), and high pH = 8.5. Since calcium in soil increases pH [51], and metals are
weakly mobile in neutral to alkaline soil pH, the MxG treated with sludge was under less
influence of heavy metals due to their reduced availability in increasing pH environment.
Therefore, it made the best progress. According to Alasmary et al. [22], organic P amend-
ment (biosolids) increased Miscanthus biomass yield and made Pb less bioaccessible even
with continual P removal through crop growth. MxG ash proved to be the least effective
treatment in terms of the amount of TN taken up in the leaf. Since ash contains very small
amounts of nitrogen (about 0.09%) [52], it is not surprising that it is not very efficient in
nitrogen uptake and its content in the leaf. Soil without amendment as one of the treatments
showed better effect on TN in the Miscanthus leaf compared to MxG ash. Mycorrhiza
proved to be a very good amendment in the first year of cultivation when it proved to be
a treatment that significantly supported the nitrogen storage of the plant. The positive
effect of mycorrhiza is not surprising, given that mycorrhiza has been proved to increase
the concentration of phosphorus and potassium (macronutrients) in leaves, reduce Cd
mobility, and have a positive effect on physiological status and biomass [25,53]. Miscanthus
is known to have high nitrogen utilization efficiencies compared to other crops [54-56].
However, the higher nitrogen content in the leaf can also be attributed to the crop age
factor, because the seedling is certainly not able to provide the same amount of biomass
and thus nitrogen as the one-year-old plant which has already developed and adapted to
the conditions. Miscanthus can be grown on areas contaminated with Cd and Hg, but only
for the purpose of soil remediation, because in the long term, biomass cultivation is not
economically feasible due to reduced productivity under the influence of heavy metals [4].
Soil contamination with heavy metals can limit the translocation process of nutrients to the
rhizomes of miscanthus before harvest, and may compromise the resprout of shoots in the
following vegetation period [57].

TN, % Biomass, t/ha
1,449 5,36 5,39 5,27 5,45
16 - Ba 6,0 4 4,91 161 A2 Aa Aa AR
14 1173 1,121 1,082 s0 H20 e Aab
12 - - Bb Bb ' Aab 3,64
4,0 Bb
1,0 4 0,69 062
0,8 0,54 Aa : 30 -
: b Aab 0,47 '
06 - Ab 20 1
0,4 -
0,2 1,0 -
0,0 , ‘ ‘ 0,0 . : :
I 1 v I 1 1 Y
2018 ®2019 2018 ®2019
(a) (b)

Figure 1. The results of ANOVA for: (a) MxG leaf nitrogen content; (b) above-ground biomass, with
soil treatments and vegetation years as factors. Different letters represent significant (p < 0.05) differ-
ences between treatments (lower-case letters) and vegetation year (upper-case letters). Abbreviations:
I-soil without amendment; II-sludge; III-mycorrhizae; IV-MxG ash.

Regarding MxG biomass, the difference in biomass yield between vegetation years is
clearly visible, which was significant according to the overall ANOVA (Figure 1, Table 4).
As expected, given the morphological system of growth and development of MxG, higher
yields were achieved in the second year regardless of the treatment applied. The largest
increase in above-ground biomass within two years was recorded in the treatment of III-
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mycorrhiza. The amount of biomass in the second vegetation year for the three treatments
(II-sludge, IlI-mycorrhiza, IV-MxG ash) was similar and amounted to 5.36-5.45 t/ha. In
the first vegetation year, the treatment IV-MxG ash proved to be the most effective for
MxG biomass, followed by II-sludge and I-soil without amendment, while the treatment
of IlI-mycorrhiza proved to be the least effective. Regarding the mycorrhiza treatment,
the probable reason for difference in biomass was a time needed for mycorrhizal fungi
to develop and release substances that immobilize heavy metals and to stimulate their
phytostabilization. We assume that the growth of Miscanthus and uptake of macro and
micronutrients were inhibited by Cd and Hg in the soil during the first vegetation year. In
the second year, metal toxicity in the crop was decreased by chelation in the fungal hyphae,
as explained by Dhalaria et al. [58]. Moreover, as reported by Bano and Ashfaq [59], the
mycelial development of certain mycorrhizal associations could be adversely affected by
the presence of heavy metals in the soil. In the second vegetation year, biomass yield
was very similar for treatments II-sludge, IlI-mycorrhiza, and IV-MxG ash, while I-soil
without amendment stood out as a treatment that was less effective compared to the others.
It is important to emphasize that the IV-MxG ash treatment showed the least difference
between the two vegetation years. However, in both years, the Miscanthus treated with
this soil amendment showed the highest yield. The reason for this could be the previously
mentioned composition of the ash. According to Petrli¢ [21], wood ash acts by reducing the
crop uptake of cadmium. It can be assumed that MxG ash has the same effect—it reduces
Cd absorption by plant due to increase of soil pH above 7. Ash is a stable product used
as fertilizer and/or soil amendment [60] due to its good composition of macronutrients
and the ability to increase soil pH value above 7 [52]. The same author states an increase
in physiologically available phosphorus and potassium in the soil under the influence of
ash. Therefore, the nutrient content of the plant is higher, and so is the biomass. In the
context of the research presented in this paper, it is very important to emphasize that in
all EP Miscanthus was grown in Cd and Hg contaminated soil. Therefore, the reduced
productivity is not surprising [57].

3.2. Qualitative Evaluation of Leaf Spectra

Leaf reflectance in 2018 was higher compared to the reflectance in 2019 (Figure 2). The
reason for this is the earlier physiological stress, i.e., the onset of the phase of ripening
and leaves senescence, which can be attributed to the higher concentration of introduced
metals in the second vegetation year (less Chl in leaves). Leaf senescence, i.e., physiological
stress, which results in a lower amount of chlorophyll in the leaf, is mostly evident in the
measured leaf reflectance in 2018 in the IV-MxG ash treatment, while in 2019 it is evident in
Miscanthus under the treatment I-soil without amendment, followed by IlI-mycorrhizae.
Treatment II-sludge showed the best impact on MxG due to the highest absorption in red
region indicating more Chl in plant tissue. The largest spectral differences between the
treatments were from green to red in the visible part of the spectrum (550-700 nm) and in
the red edge area (700-750 nm) in both vegetation years, which represents a strong increase
in red reflection, red edge shift to shorter wavelengths, and decreased NIR reflection in
plants under stress (lower TN content and leaf senescence). Proximal sensing revealed a
change in the spectral pattern of the leaf, which indicated a state of stress, in this case due
to the presence of heavy metals, cadmium, and mercury in the soil.
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Figure 2. Differences in average leaf reflectance according to experiment treatments in vegetation
years 2018 (a) and 2019 (b). Abbreviations: I-soil without amendment; II-sludge; III-mycorrhizae;
IV-MXxG ash.

3.3. Multivariate Analysis—PLSR

Figure 3 shows the results of the PLSR model predicting leaf TN content for the cu-
mulative period of 2018 and 2019 (n = 24). The first derivative of reflectance was used
for the model to obtain a more accurate representation of the data, resulting in higher R?
values compared to the original raw data. That is, the derivatives reduced the influence of
radiation scattering due to the geometry and surface roughness of the sample, and their
use resulted in the clear positions of the absorption features in the recorded spectrum.
The score plot provided information about the patterns in the samples (a). The first two
components summarized the largest variation in the spectral data (PC1: 69% and PC2:
9%). The upper right graph (b) shows the importance of specific wavelengths, i.e., wave-
length ranges for the prediction of TN content. The scale on the x-axis shows wavelengths
ranging from 350 to 1050 nm, while the scale on the y-axis represents the regression coeffi-
cient (with BO = 1.158). The higher the regression coefficient, the greater the importance
of the corresponding part of the spectrum for the prediction of TN content. Dark blue
indicates statistically significant wavelengths, while light blue represents wavelengths
that are not statistically significant. There are statistically significant wavelengths in the
wavelength range of the visible part of the spectrum (570-610 nm) and (640-670 nm) in the
red edge range (700-730 nm). Negative statistically significant correlations are found in
the visible part of the spectrum (500-540 nm), in the red edge region at 760 nm, and in the
near-infrared region at 810 nm. According to Haboudane et al. [61], light reflected from
vegetation in the VIS region of the spectrum (350-750 nm) is predominantly influenced
by chlorophyll pigments in leaf tissue. Also, Moron et al. [62] consider VNIR reflectance
spectroscopy to be a suitable method for assessing the nitrogen status of wheat. For this
reason, it is possible to use such prediction models to determine TN content in the Miscant-
hus leaf, which also leads to earlier detection of crop stress. In the lower right graph (d),
a comparison of predicted and measured values for TN content in Miscanthus leaf is
shown. Prediction plot indicates grouping of data for treatments I-soil without amendment,
[II-mycorrhiza, IV-MxG ash, and the deviation from that grouping for treatment Il-sludge.
This is supported by the fact that the mean values of this treatment are significantly higher
than the values of other treatments. According to the calculated R? values for calibration
and validation, which were very high (R? = 0.97 and 0.87, respectively) and very low RMSE
= 0.06 and 0.14 for the TN content, respectively, it can be concluded that the model is very
good and useful for quality control, quantification or screening of samples, and can be used
in crop condition monitoring. The PLSR method demonstrated a very strong to complete
correlation and a very low root mean square error between predicted and measured values.
According to research of Ferrio et al. [63], Atzberger et al. [64], and Sestak et al. [35] for
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winter wheat and the results for Miscanthus obtained in this paper, the PLSR calibration
model successfully estimates the nitrogen content by integrating physiological characteris-
tics from the reflection of a large number of wavelengths. Allison et al. [65] demonstrated
in energy crops that cross-validated PLSR models can predict the nitrogen content in a test
data set with high accuracy (R? = 0.93; RMSE = 0.09).

Regression Coefficients (8)

-2

-0.005

n-2

" | W'Mr"l#”W‘nm"‘HM“‘«"Mlllw“"‘lfw‘rrﬂfk'%-hJH“HIHI“J‘

V-1 2
12
-0.010 V-1 20
V-1 |
-0.015 pCt -30 X-Variables
0.04 -0.03 0.02 0 0.01 0.02 0.03 0.04 400 500 600 700 800 900 1000
(a) (b)
044 | Yevariance Residual Validation Variance 16 Predicted Y
- 5 Slope  Offset RMSE R-Square -2
0.966545 0029074 0.063481 0.966545 "2
0.893177 0.105425 0.139130 0.873129 -
012 14 12 "2
w2 12
Yo 32
0.10 12 2 2
ez
2
vz m2 2
0.08 10
12
0.06 [X] -
wa i
v "-]qlwm:‘ I
0.04 0.6 1oy
VA
uy
0.02 04 Wl
0 PCs 0.2 Measured ¥
PCLO0 PCO2 PCO4 PCOG PC OB PC10 PC12 PC_14 PC16 PC18 PC 20 04 06 0.8 1.0 12 14 16 1.8
(c) (d)

Figure 3. Results of full cross-validation PLSR prediction model for MxG leaf TN content (%) for
cumulative investigation period based on 1st derivative of leaf reflectance (1 = 24): (a) PCA score
plot; (b) regression coefficient plot; (c) residual validation variance; (d) prediction plot. e calibration
e validation. Abbreviations: I-soil without amendment; II-sludge; IlIl-mycorrhizae; IV-MxG ash;
1-vegetation year 2018; 2-vegetation year 2019.

The PLSR model for predicting the yield of above-ground biomass of Miscanthus for
2018 and 2019 is presented on Figure 4. PC1 captured 96% and PC2 3% of the variability
in leaf reflectance, while the dependent variable y (biomass yield) was not well explained
by the first two PCs (only 22% for PC1 and 13% for PC2) (a). Residual validation variance
expressed how much variation in the biomass data remains to be explained once the current
spectral PCs have been taken into account (c). Statistically significant wavelengths that
showed a correlation for yield are found in the visible part of the spectrum at 520-550 nm
and 630-670 nm, in the red edge at 720 nm, and in the near infrared part of the spectrum
at 810-840 nm (b). A negative significant correlation is found in the visible part of the
spectrum in the range of 460-500 nm and 570-610 nm, in the red edge of 690-710 nm and
750-770 nm, and in the near infrared range of 1030-1050 nm. The degree of change in the
biomass variable for each 1-unit change in reflectance was expressed as B0 = 5.94, indicating
unsatisfactory prediction. The scattering of the prediction results indicates deviations from
the calibration (d). Similar results were recorded by Jin et al. [33] for water content in leaves
of 624 Miscanthus samples, with a correlation of 0.91. In comparison, Jensen et al. [66]
reported the high correlations between measured and predicted validation and calibration
values when estimating winter wheat yield (r = 0.97). The RMSE value for the validation
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data set of the cumulative research period was 0.83 t/ha and R2 was 0.52. Ahamed et al. [67]
reported that 64.4% of the variability in Miscanthus biomass yield was explained by NDVI
data, indicating high predictive potential based on real-time remote sensing data and field
data. Given the relatively high value of RMSE with a strong correlation, it can be concluded
that aboveground biomass cannot be predicted accurately enough, because in this case
the predicted values deviate from the reference due to a too small sample set for biomass
estimation. The reason for this is a small surface area tested (EP) and the close proximal
measurement. Appropriate vegetation indices (VIs) related to leaf area index and biomass
would probably reveal better accuracy. According to Kubiak et al. [26], the main advantages
of proximal remote sensing are high spectral and spatial resolution of the data and accuracy,
no atmospheric effects, real-time assessment of the acquired data, precise selection, and
measurement of the sample position. However, this approach would be problematic for
large areas, because the cost of covering a larger area is high, the acquisition takes a long
time, and provides only point-to-point information. However, there is a perspective of
this method as a reference in a larger study area using aerial imagery from which VIs are
generated, especially NDVI which correlates well with biomass.
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Figure 4. Results of full cross-validation PLSR prediction model for aboveground MxG biomass (t/ha)
for cumulative investigation period based on 1st derivative of leaf reflectance (1 = 24): (a) PCA score
plot; (b) regression coefficient plot; (c) residual validation variance; (d) prediction plot. e calibration
e validation. Abbreviations: I-soil without amendment; II-sludge; IIIl-mycorrhizae; IV-MxG ash;
1-vegetation year 2018; 2-vegetation year 2019.

4. Conclusions

This paper investigated the influence of heavy metals in soil contaminated with
cadmium and mercury, in combination with various soil amendments on nitrogen content
in miscanthus leaf and above-ground biomass using VNIR spectroscopy. Changes in leaf
reflectance indicate physiological stress caused by the presence of heavy metals in soil.
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Leaf reflectance in 2018 was higher compared to the reflectance in 2019. The reason for this
is the earlier physiological stress, i.e., the beginning of the phase of ripening and leaves
senescence, which can be attributed to the higher concentration of introduced metals in the
second vegetation year (less Chl in the leaves). The largest spectral differences between
treatments were from green to red in the visible part of the spectrum (550-700 nm) and
in the red edge area (700-750 nm) in both vegetation years, which represents a strong
increase in red reflectance, red edge shift to shorter wavelengths, and decreased NIR
reflectance in stressed plants. ANOVA revealed significant differences in TN and biomass
between two vegetation years, and in leaf TN (%) depending on treatment. In the case
of TN, the most efficient treatment was II-sludge, while IV-MxG ash proved to be the
least effective treatment. MxG ash revealed best results as soil amendment for increasing
biomass quantity. According to the PLSR results, proximal VNIR spectroscopy is found
to be an applicable tool to integrate the optical and physiological properties of MxG plant
tissue, and to assess nutrient stress in crop grown on contaminated soils, which has effect
on leaf pigments concentration, leaf cell structure and, thus, directly on N content. As for
the remote estimation of biomass quantity, measurements should be implemented at least
at the field spatial scale.
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