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Abstract Leaves of European larch, silver birch,
and bilberry were sampled 5-7 times per growing
season in 2010-2019 in a locality near the city of Lit-
vinov in the Krusné Hory Mts. (Ore Mts.) near the
Czech/German border. The locality is characterised
by a large amount of plant-available Mn because of
acidic soils in the study area. All three investigated
plants at the studied site acquired manganese concen-
trations close to the definition of hyperaccumulation
(ca. 10,000 mg kg~!). This paper presents the most
detailed collection of plant material for the charac-
terisation of seasonal dynamics of Mn concentrations
in the foliage of the three studied plants under field
conditions and compares this information with that in
published studies. Time (day in the year or day in the
growing season) and cumulative precipitation anoma-
lies were major and minor variables, respectively,

explaining Mn dynamics in leaves, while temperature
and insolation anomalies were not significant. The
three investigated species showed plant-specific Mn
acquisition rates in the growing season and specific
effects of precipitation. Seasonal dynamics must be
considered if plant leaves are used for environmental
monitoring.

Keywords Forest soil chemistry - Environmental
monitoring - Manganese hyperaccumulation -
Manganese cycle - Seasonality

Introduction

Manganese is an essential element in plants that con-
tributes to the protein structure and phosphorylation

Highlights

e Bilberry, larch, and birch are Mn-accumulating species.

e Seasonality is essential for determining element intake
in plants.

o Environmental monitoring should include several
samplings per season.

e Leaves on Mn-tolerant species accumulate more Mn
under acidic soil conditions.

e Precipitation affects manganese uptake by plants.
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of enzymes. Its deficiency causes damage to chlo-
roplasts, affecting water photolysis in photosystem
II, which supplies the electrons necessary for pho-
tosynthesis (Fernando & Lynch, 2015). Excessive
concentrations of Mn in plant tissues may alter vari-
ous processes, such as enzymatic activity, uptake,
and redistribution and the use of other nutrients (Ca,
Fe, Mg, N and P) (Lavres Junior et al., 2010). The
toxicity limit of Mn, as well as tolerance to excess
of this metal, is dependent on the plant species, in
addition to its variety or genotype (Ducic & Polle,
2005; Kochian et al., 2004).

Seasonality is an important source of variability
in many ecological systems (White, 2020). The sea-
sonality of element concentrations in plants is not
often addressed in current studies, perhaps because
the collection of large datasets over several years
is undoubtedly time-consuming (McMeans et al.,
2015; Power et al., 2008; White, 2019, 2020). The
available literature addressing seasonal changes in
metal accumulation in plants is thus often limited to
a single vegetation period or a single plant species
(Brezinova & Vymazal, 2015; Herndon et al., 2019;
Kandziora-Ciupa et al., 2017; Kim & Kim, 2018;
Vitéria et al., 2015; Wislocka et al., 2006). Recog-
nizing seasonal variation in metal accumulation is
essential during biomonitoring programmes (Oliva
et al., 2012). Viers et al. (2013) also observed con-
siderable seasonal variability in element concentra-
tions in plants, claiming that at the beginning (June)
and at the end (September) of the season, biochemi-
cal processes probably did not start or end at the
same time for all samples of larch they collected in
2006.

Manganese is the element of interest in this work.
Viers et al. (2013) assigned Mn, together with Ca and Mg,
to a group of accumulating elements based on its concen-
tration pattern in the growing season. A 1-year observa-
tion of selected metals in bilberry leaves by Kandziora-
Ciupa et al. (2013) indicated metal accumulation in the
bilberry foliage increased with each subsequent month.

The amount of Mn in soils is highly variable; the
concentration intervals reported are 50-3000 mg kg™
(Bergmann, 1988; Marschner, 1995; Mengel &
Kirkby, 2001). Manganese can become very mobile
in the soil environment. Heal (2000) found that
autumnal rains caused a Mn increase in surface soil
solutions and runoff due to flushing from decompos-
ing organic material. An opposite phenomenon was
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observed in summer, where a flux occurred from
deeper soil horizons with less mobile Mn. According
to Heal (2000), the stormier conditions and warmer
temperatures occurring in temperate environments
will cause autumn flushing of mobile Mn as a result
of enhanced decomposition of organic material in
upper soils with warmer summer temperatures.

The fate of Mn in soils is significantly affected
by plants. Vegetation can accumulate Mn and miti-
gate its leaching from upper soil layers to deeper
layers by reducing infiltration (Herndon et al.,
2019). Manganese is subject to active uptake
from lower soil horizons to the foliage, creat-
ing large Mn pools in the tree canopy (Herndon
et al., 2019). The concentration of Mn in plant
tissues depends on the plant species and growth
conditions (Marschner, 1995), but in some cases,
it can reach concentrations close to the estimated
hyperaccumulation limit of 10,000 mg kg=! for
Mn (Baker et al., 1994; Boyd, 2004; Reeves &
Baker, 2000; Verbruggen et al., 2009). Coni-
fers can tolerate Mn concentrations in foliage
up to 8,000 mg kg~! (Bergmann, 1988). Simi-
larly, high values of Mn can be found under suit-
able conditions in birch (Hrdlicka & Kula, 1998,
2004). Bilberry leaves can also accumulate up to
11,000 mg kg~! Mn (Kula et al., 2018). Mréz and
Demczuk (2010) suggested that Vaccinium myrtil-
lus is an accumulator of Mn, and such high con-
centrations of this element offer the possibility of
using bilberry leaves for some beneficial purposes.

Manganese mobility and uptake by plants affect
Mn vertical profiles in soils. The deposition of Mn-
enriched foliage after the end of a growing season
increases the concentration of Mn on the forest floor
(Alriksson & Eriksson, 2001; Heinrichs & Mayer,
1980; Landre & Watmough, 2010; Navratil et al.,
2007). Mineral weathering caused by plants releasing
organic acids into soil can result in high quantities of
leached Mn (Berner et al., 2003; Bormann et al., 1998;
Drever, 1994; Taylor et al., 2009). Deeper soil horizons
are low in Mn, perhaps due to vegetation remobiliz-
ing labile Mn to the upper horizons or Mn leaching
and being output from the catchment (Navratil, et al.,
2007).

The uptake of Mn increases at low concentrations of
competing cations, including nutrients, such as Ca and Mg
(Foy et al., 1969; Goss & Carvalho, 1992; Kogelmann &
Sharpe, 2006; Juice et al., 2006; Gransee & Fiihrs, 2013).
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Manganese is more available to plants at soil pH ca. 4 to 5
(Ducic & Polle, 2005; Lambers & Oliveira, 2019; Lambers
et al., 2021) and reducing conditions (Heal, 2000) than under
other conditions when insoluble Mn(IILIV) oxides are con-
verted to mobile Mn?* ions. In soils that are acidic, Mn can
thus become toxic to plants (Fageria & Stone, 2008; Goss &
Carvalho, 1992). According to Lu et al. (2010), an increase
in available Mn in soils caused by anthropogenic activities is
expected.

This paper is a follow-up on our preceding
study (Kula et al., 2018) on extreme Mn concen-
trations in bilberry leaves at a Czech mountain-
ous site impacted by acidification due to industrial
activities, in particular coal mining and exploita-
tion in neighbouring areas in the Czech Republic,
Germany, and Poland. Our work now additionally
includes the results of the Mn monitoring obtained
for two tree species common in the study area,
European larch and silver birch, which also accu-
mulate a considerable amount of Mn. Kula et al.
(2018) found considerable Mn seasonal dynamics
in bilberry foliage; however, the impacts of time,
precipitation, and other seasonal parameters were
not determined. The considerable unexplained
variability in seasonal data (Kula et al., 2018) is
thus newly addressed using a Mn concentration
dataset gathered in the decade of 2010-2019. Our
aim in this work was to decipher individual sea-
sonal dynamics of the Mn concentrations in these
three plant species and to assess variation among
seasons by correlating results with precipitation,
temperature, and insolation. The study is based
on long-term monitoring in actual landscapes and
not on short-term laboratory experiments that are
mostly reported in the research literature. The sea-
sonal dynamics of Mn in the studied plants can
also be of relevance for understanding the nutrient
uptake strategies of plants (Albornoz et al., 2021;
Lambers et al., 2015) as well as element cycles in
acid rain-impacted or contaminated soils (Herndon
et al., 2019).

Materials and methods

Site characteristics

The permanent research area is situated at the foot
(SW slope) of the Krusné Hory Mts. at 480-495 m

a.s.l. near the city of Litvinov (Czech Republic,
50°37'03.80"N; 13°37'25.17"E). The area is heav-
ily affected by air pollution due to nearby opencast
brown coal mining and related activities (power
and heating plants and a refinery) (Fig. 1). Of
eleven monitored tree species growing there, Bet-
ula pendula Roth occupies 65%, and Larix decidua
Mill. occupies 3% of the forest stand. Bilberry cov-
ers smaller patches on the forest floor and is more
represented at higher altitudes in the Krusné Hory
Mts. The geological structure of the study area is
predominantly granite porphyry and partly orthog-
neiss. Generally, these rocks, similar to other rocks
of the Kru$né Hory Mts., are poor in nutrients
(Forest management plan, 2010).

The prevailing soil type in the studied forest
stands is Dystric Cambisol. Three soil pits were
excavated on the site where the total concentrations
of the selected elements were established by a hand-
held X-ray fluorescence analyser (Olympus Innov-
X Delta, Waltham, MA, USA). Handheld XRF is a
device that is used as a very quick in situ method for
analysing various elements in soils. As a source of
radiation, a 4 W, 200 pA (max) X-ray tube was used.

The mean pH values were determined at an
accredited laboratory in 2010 (Laboratory-Morava,
2010) and published in Kula et al. (2018). The
measured pH and mean values (from all soil pits)
of the selected element concentrations in the topsoil
horizon with accumulated organic matter (Ah) and
in the subsoil (Bv), where mineral layers were pre-
sent, are shown in Table 1.

The mean active pH in both observed soil
horizons can be defined as very strongly acidic
(3.59-4.38), which is similar to that at other sites in
the Krusné Hory Mts. The concentration of calcium
in the topsoil is very high. The topsoil contents of
iron, potassium, aluminium, phosphorus, and zinc
are very high to excessive, and the topsoil contents
of Mn are also very high (893-1,379 mg kg™!). The
same situation is observed in the subsoil horizon
(Mn 499-4,135 mg kg_l), except for calcium, the
concentration of which in the subsoil is considered
high (Fiala et al., 2013).

Meteorological datasets and their processing

Data from the continuous monitoring of air tempera-
ture and cumulative rainfall at the permanent research

@ Springer
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Fig. 1 Location of the permanent research area

plot (May 2010 to December 2019) were obtained
from the MeteoUNI (Amet Velké Bilovice) climatic
station that recorded the climatic conditions of the
area. Daily precipitation, temperature, and insolation
values were processed to obtain temperature, precipi-
tation, and insolation anomalies as potential variables
for Mn concentrations.

The average air temperatures in the growing
season (April to October) were not substantially
different during the period from 2010 to 2017
(13.4-14.1 °C). In addition, 2018 was exceptionally
warm and dry, when the average air temperature in
the growing season exceeded 16 °C and precipitation
was the lowest in comparison with that in the other

Tabl'ell Selected Soil*  pH (H,0) Mn; [mgkg!] Mn[mgkg!] Ca;[mgkg™'] Ca[mgkg™]
total e ?men_t contents (Kula et al., (Kula et al.,
determined in 2016 by _t}le 2018) 2018)
handheld XRF (mg kg™,
feS_;ﬂtIS{W;illl subscript T)(i . Ah 3.86+028 1,062+41 1,613+ 1081 5,340+ 60 9474196
soil pH (all mean 1 standar Bv 4144021  2,583+66 3,165+2282 1,353+53 778+ 133
deviation), and aqua regia Y _1 . L . ,
pseudo-total concentrations Soil"  Kp[mgkg™] K[mgkg™] Py [mg kg™] P [mgkg™] Aly [mgkg™]
reported by Kula et al. (Kula et al., 2018) (Kula et al.,
(2018) 2018)
Ah 6,182+£0.06 1,761 400 4,239 4254 1,090 +249 38,144 +0.25
Bv  21358+0.18 2,157+620 4,133 +268 1,007 +387 45,733+0.31
Soil* Fer[mgkg '] Zng [mgkg™']
Ah  37,728+0.03 164+7
Bv  36,861+£004  130+7

#Ah, topsoil; By, subsoil
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Table 2 Average air
temperature and cumulative

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

rainfall at the site during the Average air 138 14.1
growing seasons (April to temperature
October) in 2010-2019 [°C]

Cumulative 350 461
rainfall
[mm]

287 446

13.7 134 139 139 139 138 164 149

356 404 383 428 249 340

years (249 mm) (Table 2). Except for 2018, the total
precipitation levels for the studied season ranged
from 287 to 461 mm, with 2011 being the year with
the highest value (Kula et al., 2018). According to
Kula et al. (2018), the manganese flow into forest
stands in the study area from the atmosphere was not
significant.

Fieldwork and laboratory analyses

Sampling of larch and birch leaves at the permanent
research site took place monthly during the grow-
ing seasons (April to October) over a period of
10 years (2010-2019). The growing season begins
when the average air temperature is over 5 °C for a
period of 24 h (SobiSek et al., 1993). Samples were
collected from randomly localized trees in the per-
manent research plot. Dried larch and birch leaves
were placed separately in pots made of tungsten
carbide and ground in a RETSCH MM 400 vibrat-
ing mill (Haan, North Rhine-Westphalia, Germany)
(grinding time 3 min, intensity 30 Hz, milling fine-
ness < 0.5 mm). The ground samples were stored in
PE powder bottles. Acid digestion of the samples
was performed in CEM MW MARS 5 (Microwave
Solvent Extraction Labstation, Matthews, North
Carolina, USA) with a mixture of 5 ml of HNO;
and 5 ml of deionized water. The sample weight
was 0.252 g. After slowly heating the sample, a
mineralization temperature of 210 °C was reached
and maintained for 20 min. After cooling to 60 °C,
deionized water was added to the digested sample
to reach a total volume of 25 ml. Determination of
Mn contents in the digested samples of the selected
plant species was performed by inductively coupled
plasma optical emission spectroscopy (ICP-OES)
(Perkin Elmer Optima 8000, Waltham, Massachu-
setts, USA) at a wavelength of 257.6 nm.

Results
Mn concentration growth in the respective years

Tables 3, 4, and 5 show the statistically significant
linear increase in Mn in the leaves of the studied
species for the respective growing seasons in the
10 years of monitoring (all individual figures depict-
ing Mn accumulation in leaves of the studied species
in all growing seasons are given in Online Resource
1). The fit was not possible to determine for bilberry
in the exceptionally dry year of 2015, which caused
the shedding of bilberry leaves in September fol-
lowed by new sprouting from which leaves were
collected in autumn, with Mn concentrations simi-
larly as low as those at the beginning of the grow-
ing season. The time of leaf collection was expressed
as a day of the growing season. The beginning of
the growing season was specific to each year; it is

Table 3 Linear regression (ordinary least squares) of manga-
nese concentrations in the leaves of silver birch (Betula pen-
dula Roth) versus day in the growing season and Mn concen-
tration extrapolated to the 250th day (end of growing season)
in mg kg™! of dry weight

2

Year r Slope Intercept  Mn extrapolated
(250" day)

2010 0.6260 18.3 3,124 7,695

2011 0.9394 19.8 3,788 8,736
2012 0.8829 28.9 3,624 10,852
2013 0.7591 19.7 4,030 8,961

2014 0.8129 22.1 4,783 10,313
2015 0.5863 10.9 4,642 7,373
2016 0.8645 24.7 2,603 8,783
2017 0.8453 204 3,622 8,715

2018 0.8222 12.9 4,627 7,874
2019 0.8773 16.2 2,886 6,956
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Table 4 Linear regression of manganese concentrations in the
leaves of European larch (Larix decidua Mill.) versus day in
the growing season and Mn concentration extrapolated to the
250th day (end of growing season) in mg kg~ of dry weight

Year P Slope Intercept Mn extrapolated
(250th day)
2010 0.8189 323 3,030 11,104
2011 0.8544 374 3,133 12,483
2012 0.8132 18.2 2,863 7,402
2013 0.9441 48.2 1,446 13,508
2014 0.9605 38.1 1,718 11,231
2015 0.7718 31.5 4,787 12,660
2016 0.9101 453 1,728 13,060
2017 0.9516 38.2 2,991 12,544
2018 0.9419 30.8 3,154 10,849
2019 0.8642 229 3,953 9,689

defined as the first date when the temperature does
not drop below 5 °C for 24 h. The resulting deter-
mination indices show the statistically significant
temporal effect on Mn concentrations in birch, larch,
and bilberry leaves towards the end of the growing
season. The last columns in Tables 3, 4, and 5 show
extrapolated concentrations of manganese at the
end of the growing season as a result of the regres-
sion function calculated for day 250 of the growing
season. All these extrapolated values are extremely
high, particularly for larch.

Table 5 Linear regression of manganese concentrations in
the leaves of bilberry (Vaccinium myrtillus L.) versus day in
the growing season and Mn concentration extrapolated to the
250th day (end of growing season) in mg kg™! of dry weight

Year 2 Slope Intercept Mn extrapolated
(250th day)

2010 0.6927 14.4 2,382 5,982

2011 0.9237 43.9 n.s 11,502

2012 0.9843 46.3 n.s 12,172

2013 0.9662 37.5 996 10,382

2014 0.9405 38.3 n.s 9,665

2015 no fit - - -

2016 0.9414 35.6 n.s 8,911

2017 0.9139 343 n.s 8,963

2018 0.9474 329 n.s 9,148

2019 0.9613 30.5 n.s 7,930
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The data processing showed several differences
between individual plants. The main differences are
shown in Fig. 2 with regression lines constructed for
all years. The intercepts in the linear regressions for
bilberry were nonsignificant for most years if time was
expressed as a day in the growing season, while mean
temporal Mn acquisition rates (slopes in regression
lines) were largest for this plant (Table 5, Fig. 2). Birch
showed the largest intercept and the smallest acquisi-
tion rates (Table 3, Fig. 2). Larch showed a moder-
ate intercept when time was expressed as a day in the
growing season (Table 4, Fig. 2). The intercept for
larch was nonsignificant with time expressed as a day
in the year (Table 6). The mean Mn acquisition rates
for birch were lower than those for larch and bilberry.

The Mn concentration increase over time in bil-
berry was most remarkably different from the line;
i.e. the Mn concentration increased the fastest at the
beginning of growth, and this phase was followed by
saturation before the end of the growing season, i.e.
a fast decrease in the mean daily Mn acquisition rate
before the end of the growing season (Fig. 3). The
different shapes of Mn versus time for bilberry make
the comparison of acquisition rates based on linear
regression only approximate, but they underpin the
variable behaviour of individual plant species. The-
oretically, there could be a connection with differ-
ent transpiration and exudate chemistries of the spe-
cies, but determining that connection would require

12000 - larch

] R*=0.8121
10000 g

g g birch

1 R4 R2=0.7223
8000 1 g

Manganese concentration (mg kg)

6000 1 bilberry
: R?=0.8059
4000 { -7 P
: ./'
] R
2000 ] -
] '
- +—+-+-—
0 50 100 150 200 250

Days of growing season

Fig. 2 Regression lines of Mn accumulation in the leaves of
European larch, silver birch, and bilberry in the growing sea-
sons of 2010-2019



Environ Monit Assess (2021) 193: 612

Page 70f 16 612

=~ 100 -

» °

o ]

x 80 -

g ] ° °

5 60 .. ® .. : R?=0.2621

g .. ., °

s ] ® e

2 40 1 ‘ ."O.._ ) °

8 ] ° o o °

c 1 e L4 ..’-.

= 20 q o ° 0 -...

G 1 [ ..

[0}

e o] ° °*®

o

£ ] i

0 20 , , , , ,
0 50 100 150 200 250

Days of growing season

Fig. 3 Mean daily Mn acquisition rates of bilberry leaves in
the growing seasons of 2010-2019

further research. The sampled bilberries were grow-
ing near or beneath birch trees, so an interaction
between Mn cycling, including joint soil chemistry
and transpiration, in those plants can be expected.
Additionally, subsurface Mn translocations by pre-
cipitation or evaporation extremes could play a role,
but this was not the subject of our current study.

Meteorological variables affecting Mn concentration
growth

We processed the entire dataset of individual plant
species jointly for all years to test the influence of

further possible variables, i.e. to test whether fur-
ther variables could explain the observed inter-
annual variability (unprocessed data are given in
Online Resource 2). While > values were typi-
cally>0.9 for the respective plants and years
(Tables 3, 4, and 5), the fits were worse for birch
and bilberry when all years were processed jointly.
Combinations of several variables were thus tested:
day in the growing season or day in the year as
temporal variables and precipitation, temperature,
or insolation anomalies as further variables. The
results of the search for significant variables are
summarized in Table 6. If they were not statistically
significant, then the intercepts or independent vari-
ables were omitted (their t values were < 1.5). Tem-
perature, precipitation, and insolation anomalies
were calculated as described in the Materials and
methods.

Cumulative precipitation amounts (CPs) were
fitted versus day in the growing season (G) or year
(Y) by linear regression for all studied years. Then,
daily cumulative precipitation anomalies (CPAs)
were calculated as the difference between actual
cumulative precipitation amounts and the joint fit-
ted line, and the resulting differences were aver-
aged for the time period between two successive
samplings.

Mean temperatures in the growing seasons were
fitted against day in the growing season for all studied
years using parabolic regression (second-order poly-
nomial). Temperature anomalies in the growing sea-
sons (TAG) for the interval between two successive

Table 6 Linear and

. N Plant Intercept DY DG CPAY CPAG TAG IAG Adjusted 7

multilinear regressions

perfornze(i.for Mn v Birch Y Y - - n.s n.s n.s 0.50

Zﬁ“;::rsr.alﬁir;g;‘eri o Y - Y - n.s n.s ns 057

variables used for fitting Y Y - Y - n.s n.s 0.57

are marked “Y”, not used Y - Y Y - n.s n.s 0.63

“- %, not accepted because Larch n.s Y - n.s - n.s n.s 0.97

o fved 1 e S A

in the above text n.s Y - - Y n.s n.s 0.98

Y - Y - Y n.s n.s 0.73

Bilberry Y Y - - - n.s n.s 0.75

wlo 2015y - Y n.s - n.s n.s 0.80

Y Y - Y - n.s n.s 0.79

Y Y - - Y n.s n.s 0.80

Y - Y - Y n.s n.s 0.83
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samplings were calculated as the mean difference
between the actual daily temperature and the fitted
parabolic trend.

Insolation anomalies were obtained by fitting
daily insolation (W m~2) values for all years using
the Lorentz function. Isolation anomalies in growing
seasons (IAG) were then calculated as daily differ-
ences between actual and fitted values and averaged
for each interval between successive samplings.

Multilinear regression analyses were performed
with day in the growing season or in year of the
date between two successive samplings, mean pre-
cipitation, temperature, and insolation anomalies
for the interval between successive samplings as
independent variables and Mn concentrations in
the latter sampling as dependent variables. This
scheme was used because we assumed that the Mn
concentration on the actual sampling date should
reflect the entire period between two successive
samplings.

Two temporal variables were compared in this
analysis: day in the middle of the time interval
between successive samplings counted from the
beginning of the year (DY) or from the beginning
of the growing season (DG). DY produced better
fits for larch than for birch and bilberry, if that
tree had a longer vegetation period than the season
defined in our work. DG produced better fits for
birch and bilberry than for larch, as inferred from
the regression coefficients (Table 6). Precipitation
amounts were expressed as cumulative precipita-
tion anomalies from the beginning of the grow-
ing season (CPAG) or from the beginning of the
running year (CPAY), all calculated from daily
data. Neither precipitation amounts nor cumula-
tive precipitation values improved the fits. CPAY
improved fits for birch (with a negative slope),
while CPAG improved fits for bilberry and larch
(with a positive slope). The positive CPAY (more
annual precipitation) thus decreased the Mn con-
centrations in birch leaves, indicating a possible
loss of Mn by washing in the soil profiles. The
positive CPAG increased the Mn concentrations
in larch and bilberry leaves, indicating a possible
greater uptake of Mn in more humid periods. Tem-
perature and insolation anomalies were not statisti-
cally significant, as indicated in Table 6.

Particular attention was given to the influence
of the precipitation rate on the Mn concentration

@ Springer
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Fig. 4 Interrelation of the Mn concentration in the birch
leaves at the end of the growing season and the initial Mn con-
centration in the following year

in the birch leaves because the negative influ-
ence of CPAY on the Mn concentration seemed
surprising. There was an interrelation between
the Mn concentration at the end of the growing
season, extrapolated to the 250th day (the end)
of the growing season in the preceding year, and
the initial Mn concentration in the following year,
inferred from the intercept of the corresponding
linear concentrations (Fig. 4). This figure shows
that the Mn concentration in the leaf litter could
be the source of Mn at the start of the subsequent
season. Interestingly, the difference between those
two concentrations was proportional to the CPAY
at the beginning of the growing season (Fig. 5),
as more precipitation in winter leached more Mn
from the litter and postponed its uptake by birch
during the growing season. No such relations were
found for larch and bilberry.

Discussion
Manganese cycle in the environment

All three studied plants showed similar annual pat-
terns of Mn concentrations over time (Fig. 2). The
continuous increase in Mn concentrations during the
growing season was in accordance with the results
of past studies but showed unprecedented details
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Fig. 5 Relation of the Mn concentration between the cumula-
tive precipitation anomalies in the birch leaves from the begin-
ning of the running year (CPAY) and the Mn concentration at
the end of the growing season and the initial Mn concentration
in the following year

and temporal extent. Most preceding studies were
based on two or three successive samplings, while
more detailed (more frequent) sampling was rare.
A seasonal increase in Mn concentrations in foli-
age was found for larch by Navrétil et al. (2007) and
Kandziora-Ciupa et al. (2013) and for bilberry by
Kula et al. (2018) (Table 7). Surprisingly, the hyper-
accumulation of Mn was observed in mycorrhizal
species, including the studied plants, and mycorrhi-
zal hyphae are supposed to intercept metals, includ-
ing Mn (Lambers et al., 2015). To determine a con-
nection with the mycorrhizal environment, more
detailed element (P, Fe, Ca, and Mg) analyses of
leaves will be conducted in future research.

All three species at the studied sites reached
the limit of hyperaccumulation (10,000 mg kg™')
for Mn (Baker et al., 1994; Boyd, 2004; Reeves
& Baker, 2000; Verbruggen et al., 2009), highly
exceeding the expected toxicity limits for plants
at 400-1000 mg kg‘1 (Kabata-Pendias, 2011;
Kandziora-Ciupa et al., 2013). However, symptoms
of Mn phytotoxicity, such as leaf chlorosis in older
leaves or growth limitations (Bergmann, 1988;
Kitao et al., 1997; Marschner, 1995; Wissemeier &
Horst, 1992; Wu, 1994), were not observed in this
study. The Mn concentrations reported for the same
species by other authors (Table 7) were usually

substantially lower. Our study site is obviously
extraordinary regarding soil chemistry. We believe
that the soil chemistry may be affected by geogenic
anomalies common to the Kru$né Hory Mts. in
combination with acidification due to the proxim-
ity of the chemical factory (Unipetrol) (Fig. 1). The
extreme accumulation reported at the study site is,
however, similar to that at other sites on the ridges
of the Kru$né Hory Mts., as reported previously by
Kula et al. (2012, 2018). In comparison to at our
site, in the Karkonosze-Izera Block (Sudetes Mts.,
SW Poland), which is contaminated by metals and
uranium, much lower Mn concentrations were
found both in soils (62-883 mg kg™!) and in birch
leaves (284—1790 mg kg™!) (Wislocka et al., 2006).
Alternatively, in the Krakow-Czg¢stochowa Uplands
(Poland), which are affected by air pollutants from
various sources, metallurgical emissions and pulp
mills, Hrdlicka and Kula (2010) measured “only”
2,692 mg kg_1 of Mn in birch leaves (Table 7).
Hrdli¢ka and Kula (2010) found Mn concentrations
in larch needles to be 12,542 mg kg~! (October 8th,
2010). Such large concentrations affect the cycling
of biogeochemical elements in forest ecosystems,
as described in the Introduction. These concentra-
tions should cause persistent transfer of Mn from
deeper soil strata to topsoil via Mn-enriched litter,
followed by leaching of Mn during litter leach-
ing by winter precipitation and snow melt. This
mechanism was named “plant pump” by Reimann
et al. (2018) after Goldschmidt (1937) described
the process in his study. Goldschmidt (1937) also
discussed the consequences of mobile elements
leaching back to deeper soil strata after leaves are
shed; i.e. plants can generally enhance the vertical
transfer of some elements in soil profiles. These
transfers and their consequences on topsoil/sub-
soil ratios were also highlighted in some preced-
ing studies (Alriksson & Eriksson, 2001; Berner
et al., 2003; Bormann et al., 1998; Drever, 1994;
Heinrichs & Mayer, 1980; Landre & Watmough,
2010; Navratil et al., 2007; Taylor et al., 2009).
The main point of the study by Reimann et al.
(2018) was that element allocation to plant organs
depends on metabolism, physiology, and structure
linked to biological functions and cannot be attrib-
uted exclusively to the substrate and environmental
background. The results of Reimannn et al. (2018)
study stressed the importance of understanding the
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Table 7 Overview of Mn concentrations in the studied plants

Study sites, soil manganese

Mn in Plants

Source

Forest nursery

Litter: 942 mg kg™

Ae horizon: 381 mg kg™!

B horizon: 475 mg kg™

Top 140 cm: 604 mg kg™

Catchment near nickel smelter: normal
values of Mn in soils

Contaminated dump (superficial mineral
layer): 62-883 mg kg™

Natural forests

Rocks: 449 mg kg™

C horizon: 330 mg kg~!

B horizon: 640 mg kg™

O horizon: 353 mg kg™

Contaminated (near Zn and Pb production
plant): 143 mg kg™!

Forest soils (1.5 km from roads)

Industrial pollution (metallurgical activities):
40-1035 mg kg™

European forest soils

Watershed: 21.41 mg/l of Mn (ammonium
sulphate treated plots)

12.8-150 mg/1 of Mn

170-600 mg kg™

26-800 mg kg™

River catchment (granite)

European forest soils

Acidic soils (pH 2.77-3.62), Min concentration
490-6,277 mg kg™

HNO; extractable Mn: contaminated site

May (36-194 mg kg™!)

July (4-95 mg kg™")

September (39-121 mg kg™!)

Uncontaminated site

May (7-17 mg kg™")

July (427 mg kg™

September (2-8 mg kg™)

Silver birch: 300 mg kg™!
Betula papyrifera Marsh: 1,300 mg kg_1

Silver birch: 1,374 mg kg™
Silver birch: 240-1,470 mg kg™!

Silver birch: 284-1,790 mg kg ™!

Silver birch: 2,138 mg kg™!

Silver birch: 550 mg kg™

Silver birch: 180-320 mg kg~!
Silver birch: 64-2,692 mg kg™!

Silver birch: 1,761 mg kg™!

European larch: 2,427 mg kg™! (1992),
3,444 mg kg~! (1993)

European larch: 1,655-5,550 mg kg™

Larix leptolepis: 1,600 mg kg™
Larix gmelinii: 900 mg kg™
European larch:

May (898 mg kg™

July (1,677 mg kg™

August (1,984 mg kg1
September (2,238 mg kg™!)
October (2,612 mg kg™
November (2,728 mg kg™!)
European larch:

911-1,400 mg kg™!

European larch:

93 mg kg~! (Slovakia)

1,077 mg kg~! (Slovenia)
Bilberry: 274-11,159 mg kg™!

Bilberry:

Contaminated site

May (38-182 mg kg1

July (46281 mg kg™!)
September (46-398 mg kg™!)
Uncontaminated site

May (258-283 mg kg~ )

July (460-1,139 mg kg™")
September (601-1,056 mg kg™

Kitao et al. (1997)
Landre and Watmough (2010)

Herndon et al. (2019)
Reimann et al. (2001)
Wislocka et al. (2006)

Reimann et al. (2007a) and Reimann et al.
(2007b)

Migeon et al. (2009)

Sembratowicz et al. (2009)
Hrdli¢ka and Kula (2010)

EC-UN/ECE (1995)
Pickens et al. (1995)

C. Pickens, Pennsylvania State University
(unpublished) In: Pickens et al. (1995)
Schweitzer et al. (1999)

Viers et al. (2013)
Navritil et al. (2007)

Skfivan et al. (2002)

EC-UN/ECE (1995)

Kula et al. (2018)

Kandziora-Ciupa et al. (2013)
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Table 7 (continued)

Study sites, soil manganese Mn in Plants

Source

HNO, extractable Mn: 88 mg kg™! (near
zinc smelter)

367 mg kg~ (near iron smelter)

70 mg kg~! (near power plant)

70 mg kg™! (nature reserve)

DTPA-extracted Mn: 300-400 mg kg™

Bilberry:

1,941 mg kg™
Catchment near nickel smelter: normal
values of Mn in soils

Commercial wild blueberry fields (Orthic

Podzols) 1,351 mg kg™!

Pollution-free region: natural concentration Bilberry: 1,540-3,952 mg kg™!

of heavy metals

C horizon: 215 mg kg™!
O horizon: 148 mg kg™

Vaccinium ashei Reade: 888—
Bilberry: 865-1,900 mg kg™!

Vaccinium angustifolium Ait.:

Bilberry: 3,707 mg kg™!
Birch: 2,720 mg kg™

Kandziora-Ciupa et al. (2017)

133 mg kg™! (near zinc smelter)
662 mg kg~! (near iron smelter)
873 mg kg~ (near power plant)
556 mg kg~ (nature reserve)

Creighton et al. (1992)
Reimann et al. (2001)
Sanderson et al. (2008)
Kozanecka et al. (2002)

Reimann et al. (2018)

biological mechanisms of plant—soil interactions to
correctly quantify anthropogenic impacts on soil
and plant geochemistry. This is particularly rel-
evant to the hyperaccumulating plants prevailing in
the studied areas of the Kru$né Hory Mts. because
the presence of accumulators such as birch and bil-
berry may not be coincidental on acid soils in the
study area.

Manganese dynamics in leaves

The Mn concentration in the leaves of the three
examined species from a single locality apparently
followed a simple pattern of persistent accumula-
tion over time as a major source of variability, as
documented by regression coefficients in Tables 3,
4, 5, and 6. Precipitation acted as a minor but in
some cases statistically significant source of vari-
ability at the studied site and area, as documented
by the slight increase in r* after using yearly or sea-
sonal precipitation anomalies in the fits in Table 6.
Lambers et al. (2021) observed increasing leaf Mn
concentrations with increasing mean annual pre-
cipitation and decreasing leaf Mn with increasing
mean annual temperature. We did not observe tem-
perature effects of the Mn concentration dynamics.
Lei (2007) found that the humid climate population
of Populus cathayana was more sensitive to Mn
stress than the dry climate population. A more sig-
nificant impact of precipitation and temperature at
our study site would be expected if these parameters

were critical for plant growth, as occurred with the
extreme event impacts on bilberry in 2015: this year
was excluded from data processing.

The results of our study show that Mn concentra-
tions in leaves are so dynamic that they could not be
discussed without information on the date of sam-
pling and precipitation patterns. This conclusion is
relevant for environmental monitoring studies based
on sampling plant materials, as with bilberry, but
without specifying the date of the sampling and
precipitation distribution in the season (Reimann
et al., 2001, 2018; Salemaa et al., 2004; Brekken &
Steinnes, 2004; Biatonska et al., 2007). Because the
impact of precipitation is so specific to plant spe-
cies, even foliar Mn concentrations in plants col-
lected on the same date in the same locality could
be seasonally and interannually variable.

Toxic Mn concentration in leaves

The optimal concentrations of Mn or even phyto-
toxicity levels for some plants given in the literature
range from 400-1000 mg kg~! (Kabata-Pendias,
2011; Kandziora-Ciupa et al., 2013; Reeves, 2006),
and these concentrations were exceeded several times
in the plants investigated in our study. The Mn con-
centrations in larch, birch, and bilberry accumulated
several thousand mg kg~' Mn without symptoms of
Mn phytotoxicity, as described by Bergmann (1988),
Kitao et al. (1997), Marschner (1995), Wissemeier and
Horst (1992), and Wu (1994). Our results were much
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closer to the limit of Mn hyperaccumulation in plants
(10,000 mg kg™!) (Baker et al., 1994; Boyd, 2004;
Reeves & Baker, 2000; Verbruggen et al., 2009).
Baker and Brooks (1989) listed 8 species as hyperac-
cumulators based on the hyperaccumulation limit. The
list is continuously expanding; thus, Fernando et al.
(2013) reported 22 hyperaccumulators, but their list
does not include larch, birch, or bilberry. In fact, the
Mn concentrations found for the three studied plants in
the study area substantially exceed the values reported
for those species in the literature (Table 7).

Thus, with respect to the broad range of reported
Mn concentrations in plant leaves in Table 7, the
question arises as to whether the plants reported in
our paper should be called hyperaccumulators or
simply plants growing on acidic soils, with mecha-
nisms for ensuring even large amounts of Mn (and
perhaps also other elements mobilized in acidic
soils) are nontoxic. Larch, birch, and bilberry are
among the most common plant species in the moun-
tain forests of the Czech Republic. It is important to
determine whether the observed accumulation is a
consequence of natural factors, such as felsic, crys-
talline, chemically resistant bedrock producing acid
soils that have low to very low Mg2+and Ca2+in
the research area (Hrdlicka & Kula, 2004), or acid
rain from coal combustion or the chemical industry
in areas surrounding the Kru$né Hory Mts. from the
east, north, and west (Fig. 1). The determination
could be based on a comparison of the Mn concen-
trations in the plant leaves in the study area and in
areas with the same bedrock and clean air level dur-
ing the highest atmospheric pollution period in the
twentieth century. In both those cases, the high Mn
content in leaves provides huge amounts of plant-
available Mn for plants in the subsequent season
(from litter), and thus, less Mn-tolerant plants can-
not grow in the litter of those leaves.

The extremely high Mn levels in the assimila-
tory organs of plants can have negative effects
on insect feeding. A recent study by Martinek
et al. (2020) concluded that the high Mn con-
centrations in birch leaves increase mortality
and time until pupation of the Cabera pusaria
caterpillars. Energy requirements for excreting
Mn have caused massive mortality among indi-
viduals with 3,000 mg kg~! or more Mn in their
diet. The problem of excess Mn in leaves applies
to additional insect species. The high manganese

@ Springer

concentration in the food of Lymantria dispar
caterpillars increased mortality of the caterpil-
lar’s first instar, and the development of caterpil-
lars was prolonged, possibly due to the energy
requirements for manganese allocation. Diets with
a high Mn concentration increased the mortality
rate while decreasing the food consumption and
fertility of Melolontha hippocastani (Martinek,
2018). Insects may develop mechanisms that can
eliminate the negative impacts of high doses of
manganese, e.g. translocation of this element into
frass and exuviae or its secretion in excrements.
The sensitivity of insects to developmental stages
is differentiated and associated with mortality;
the elimination of Mn is energy-consuming (Kula
et al., 2014; Martinek et al., 2017). Mn accumu-
lation in the studied plants can thus have conse-
quences for whole forest ecosystems that contain
those plants.

The mechanism behind the accumulation of Mn
in the leaves of the studied plants via soil acidifica-
tion can be a result of the change in the proportions
among plant-available cations. Mn uptake by plants
can be facilitated by the combined action of Mn
mobilization and decreased concentrations of Ca>*
and Mg?* (Joslin et al., 1992; Ohki, 1984; Schlegel
et al, 1992; Terry et al., 1975; Thornton et al.,
1989; Kochenderfer & Helvey, 1989). An explanation
for why the studied plants in the Kru$né Hory Mts.
accumulate such large concentrations of Mn could
be the low concentrations of Mg because the two ele-
ments behave as antagonists in plant uptake (Heenan
et al., 1981; Goss & Carvalho, 1992; Gransee & Fiihrs,
2013). This interrelation between the proportions of
the three mentioned cations, Ca, Mg, and Fe and Mn
uptake, will be addressed in our further research.

Conclusions

The tree species birch and larch and bilberry, a
common plant in central European mountain for-
ests, can accumulate ca. 1% Mn in the dry weight
of leaves during the growing season. Mn uptake pro-
ceeds during the whole growing season generally
linearly with time, and in the case of bilberry, the
rate declines by the end of the growing season. Mn
uptake by larch and bilberry is enhanced by greater
precipitation during the growing season, while the
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Mn concentration in birch leaves decreases with
more precipitation before the growing season, prob-
ably due to leaching from the leaf litter. Litter decay
in winter could retain Mn ions in biogeochemical
cycling in mountain forest soils, causing element
uptake in the following growing season. Extreme
Mn concentrations are a consequence of low soil
pH, to which natural (geogenic) and anthropogenic
(acid rains) contributions are not known. More
attention should be given to the concentration ratios
of Ca, Mg, and Mn in soils because it is known that
Mg deficiency in soils results in an elevated uptake
of Ca and Mn.
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