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Abstract

Background The accumulation of trace elements in mosses is used as an indirect measure of atmospheric deposi-
tion and an important complement to the techniques used to monitor the Geneva Air Pollution Convention. The aim
of this paper is to quantify and map temporal and spatial trends of metal enrichment in mosses collected in Ger-
many in 1990, 1995, 2000, 2005, 2015 and 2020. Collection and chemical analysis of the moss samples were carried
out according to international guidelines.

Results The analysis shows that since 1990, the median concentrations of As, Cd, Cu, Ni, Pb and Sb in the mosses
have been decreasing significantly, with the with the highest decline of Pb (— 86%). This trend reversed in 2000

and 2005 and between 2015 and 2020 by increases in the concentrations of some trace elements. In the 2000 Moss
Survey, higher concentrations were measured for Cd, Cu, Ni and Sb than in 2015, ranging from+ 26% (Cu) to+ 165%
(Ni). For As and Pb, no significant changes can be observed in 2020 compared to 2015. The increase in metal con-
centrations in the mosses over the last five years does not correspond to the corresponding trends in reported metal
emissions in Germany (2015-2020). In contrast, the long-term trends of the As, Cd, Cu, Ni and Pb concentrations
measured in the mosses showed good overall correspondence with the emission trends in Germany (1990-2020). The
long-term trends of the moss data are mostly weaker than those of the emission data. The spatial patterns of the tem-
poral trends were mapped and discussed for As, Cd, Cu, Ni, Pb and Sb.

Conclusions The study shows that for valid monitoring of atmospheric deposition, it is not enough to consider

only emission data or the modelled deposition derived from these data. In this respect, the study provides one

of many necessary contributions to the discussion on the extent to which analytes of current monitoring pro-
grammes are still relevant and up-to-date and whether there are new substances that are also relevant or even more
relevant than existing analytes and to what extent this should be taken into account in designing future environmen-
tal monitoring.

Keywords Deposition, Emission, Geostatistics, Hypnum cupressiforme, Pleurozium schreberi, Pseudoscleropodium
purum, Percentile statistics
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Convention on Long-Range Transboundary Air Pollution
[1, 2]. Chemical analysis includes trace elements! (since
1990), nitrogen (since 2005), persistent organic pollut-
ants (since 2010) and microplastics (since 2020) at up to
7312 sites in Europe. In Germany, 592 sites were sampled
in 1990 [6], 1026 in 1995 [7, 8], 1028 in 2000 [9], 726 in
2005 [10], 400 in 2015 [11] and 26 in 2020. Germany did
not take part in the 5th moss survey carried out in 2010.
This research is to combine the metal contents measured
in the 2020 survey with those from all previous cam-
paigns, to analyze and map them geostatistically, and to
update the temporal trends in metal enrichment for the
years 1990-2020.

Material and methodology

Sampling and analysis

The reduction of sampling sites from 400 (Moss Moni-
toring 2015, MM2015 in short) to 26 (MM2020) was
based on decision modelling, neighbourhood and infer-
ential statistics aiming at minimizing bias and loss of
information [12, 13]. The sampling of moss species Hyp-
num cupressiforme, Pleurozium schreberi and Pseudo-
scleropodium purum as well as their preparation and
chemical analysis of the trace elements were carried out
according to international guidelines [2], as in all moss
surveys. From 2 to 7 (on average 5) subsamples were
collected from each moss sampling site. The moss sam-
ples for the determination of trace elements were taken
using PE gloves in the period from the end of August
to the beginning of October 2021, stored in 1L LDPE
ziplock bags (Topitz company) and sent to the labora-
tory (ANECO Institut fiir Umweltschutz GmbH & Co)
after sampling. The receipt of the samples was docu-
mented, the samples were labelled with sample numbers
and stored in the dark at approx. 8 °C in the refrigerator
until further preparation. The preparation of the moss
samples was carried out according to the ICP Vegetation
[2] by four persons within two weeks after the arrival of
the samples. The moss samples were only touched with
PE gloves. The samples were cleaned of adhering foreign
material (e.g., grass, needles, leaves, soil particles.). The
moss samples were not washed. Green and green—yellow
moss shoots were separated from the rest of the sample
using cleaned ceramic scissors and Teflon tweezers. The
quality of the preparation was checked continuously, i.e.,
the sample material separated for chemical analyses was
continuously visually checked by the person handling
the sample as well as, after finishing the preparation, by a
second person (4-eyes principle). Furthermore, the clean-
liness and adequate usage of equipment was regularly

! For terminology, refer to Hodson [3], Pourret [4] and Vernon [5].
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inspected. After sample preparation, the moss samples
were analyzed.

The content of moss dry substance was determined
after drying at 105 °C.

For element analysis, the moss samples were dried
at 60 °C and ground to a homogeneous fine powder
(Retsch SM 200, tungsten carbide coated insert, 20 s.
at 10.000 rpm followed by a Pulverisette 14 (Fritsch)
equipped with a 0.5 mm Reintitan sieve at 20.000 rpm).
For the analysis of the elements Al, As, Cd, Cr, Cu, Fe,
Ni, Pb, Sb, V, Zn and Hg, approx. 0.5 g of the dried moss
samples were digested by microwave-assisted pressure
digestion (microwave Mars Xpress CEM samt) with 5 ml
65% nitric acid and 1 ml 30% hydrogen peroxide after a
pre-reaction of approx. 1 h at a maximum of 1800 W and
a constant temperature of 200 °C (heating phase to 200°
in 20 min, 200 °C for 18 min). The determination of Al,
As, Cd, Cr, Cu, Fe, Ni, Pb, Sb, V and Zn was performed
according to DIN EN ISO 17294-2 (ISO 2017) by an
ICP-MS (Agilent 7900 with sample loop). Mercury was
analyzed according to DIN ISO 16772 (2005-06) by cold
vapour AAS (Mercur) after reduction with tin(II) chlo-
ride without enrichment.

A blank sample and moss reference material (moss
standards M2 and M3 characterized by [14] were
digested with the sample series to check element recov-
eries and thus infer on analytical performance. The moss
standard samples consisted of residual material from the
2015 moss monitoring, which had been stored at room
temperature in the dark in PE centrifuge tubes.

Statistical analysis
The statistical evaluation of the data on metal concen-
trations in the mosses largely corresponds to the meth-
ods used for the nitrogen concentrations not considered
in this article. They were described in more detail by
Nickel et al. [15] than is possible here. First, the statisti-
cal distribution of the metal concentrations in the moss
samples was determined (outliers, minimum, maximum,
mean, standard deviation, relative coefficient of varia-
tion as well as 20th, 50th, 90th, 98th percentile). For the
graphical analysis of the substance concentrations and
their temporal trends, the relative heights of the element-
specific annual medians of all six monitoring campaigns
(1990, 1995, 2000, 2005, 2015 and 2020) were calculated
in relation to the corresponding element-specific over-
all median of all values from 1990 to 2020 according to
Eq. 1. The median was preferred to the mean value, as it
is more robust in the case of asymmetrical distributions
and in the face of outliers.

Relative level of annual median [% of total median
1990-2020].
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Table 1 Results of the measurement quality assurance
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Element (in reference sample) M2

M3

Actual value

Target value

Actual value Target value

mg/kg mg/kg mg/kg mg/kg

Aluminium (Al) 192 178+15 173 169+10
Arsenic (As) 1.05 0.98+0.07 0.10 0.105+£0.007
Cadmium (Cd) 0.455 0.454+0.019 0.106 0.106+£0.005
Chromium (Cr) 1.03 097+0.17 0.72 0.67+0.19
Copper (Cu) 68.8 68.7+2.5 4.0 3.76+£0.23
Iron (Fe) 226 262+35 150 138+12
Nickel (Ni) 164 16.3+£09 0.9 0.95+0.08
Lead (Pb) 546 6.37+043 346 3.33+0.25
Antimony (Sb) 0.20 021£0.016 0.059 0.052+0.007
Vanadium (V) 1.54 143+£0.17 1.11 1.19+£0.15
Zinc (Zn) 36.1 36.1+1.2 26.2 254+1.1
Mercury (Hg) 0.091 0.058+£0.005 0.060 0.035+£0.004

Conc i
Concmedian _ annual median %100 ( 1)

Conctotal median

To quantify the trends and to provide inferential statis-
tical support, the changes in the median values [%] were
calculated for the six monitoring campaigns and a two-
sided Mann—Whitney U test [16] was carried out in each
case. The calculations were made for the paired cam-
paign combinations 1990/1995, 1995/2000, 2000/2005,
2005/2015 and 2015/2020, i.e., in each case by compari-
son with the previous campaign. Secondly, the changes in
the median values were calculated in relation to the base
year, i.e., the year in which the respective measured val-
ues were determined for the first time. In both cases, the
median from the respective previous campaign was set
equal to 100%.

To investigate whether and to what extent the number
of sample elements in the MM2020 is sufficient for the
inferential statistical trend analysis, selected percentiles
(20th, 50th, 90th percentile) of the series of measure-
ments on trace elements of the total sample (=depending
on the element, from 397 to 400 sites of the MM 2015)
were compared with those of the respective subsample
(=26 sites of the MM2015, which were also sampled in
the MM2020 within a radius of 2 km). For the statistical
distributions of trace elements, a two-sided inferential
statistical comparison was performed using the Mann—
Whitney U-test and checked whether the two independ-
ent samples originate from the same population. Items
with significant differences in the measured value dis-
tributions of the full and partial sample of the MM2015
(p<0.1) were—under the assumption that they behave

the same way to each other in the MM2020—excluded
from further consideration.

Geostatistical methods [17] were used to map the
spatial patterns of metal accumulation. Such methods
are based on the theory of regionalised variables [18].
According to this theory, spatial interpolations between
spatially discrete sampling or measurement locations
are only meaningful if the measured values of closely
spaced locations are more similar than values of more
distant locations. Only if such spatial autocorrelations
of the measured values can be proven, the further use of
the data set for area estimates with Kriging interpolation
makes sense.

The existence of spatial autocorrelation was checked
by means of variogram analysis [19]. For this purpose,
the distance between spatially located pairs of points is
related to the similarity of the measured values at these
points in an experimental semi-variogram (abbreviated
as “variogram” and a suitable model variogram (=vari-
ogram curve) is fitted to it. From the model variogram,
the following characteristic values can be derived
to describe the spatial autocorrelation: The nugget
effect provides information about the spatial variabil-
ity below the smallest measuring point distance. The
range quantifies the maximum spatial distance within
which a dependency between distance and semivari-
ance is recognisable and thus the interpolation can be
regarded as statistically meaningful. The semivariance
assigned to the range is called the sill. The higher the
nugget/sill ratio in %, the lower the spatial autocorrela-
tion. If this ratio approaches 100%, there is no spatial
autocorrelation. The prerequisite for using the model
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Table 3 Descriptive-statistical characteristics of metal concentrations in moss samples and geostatistical area estimates (the latter in
brackets), MM2020

Element n Min P, Pso Pgo Pog Max Mw sD cv
[ug/g] [ng/g] [ug/gl [ng/g] [ug/gl [ng/g] [ng/gl [ug/g] [%]
Al 26 96.7 173.0 325.1 595.5 777.1 908.4 3485 1934 55.5
As 26 0.027 0.079 0.119 0.240 0.287 0322 0.131 0.073 55.6
(39,744) (0.030) (0.103) (0.133) (0.203) (0.235) (0.315) (0.139) (0.043) (31.2)
cd 26 0.073 0.138 0.210 0.341 0.384 0.396 0218 0.086 39.3
(39,744) (0.102) (0.193) (0.225) (0.292) (0333) (0.374) (0.228) (0.045) (19.7)
Cr 26 0641 0816 1300 2.944 3.982 4687 1616 0.969 60.0
Cu 26 393 4.85 5.87 7.77 11.69 14.50 6.16 2.10 34.0
(39,744) (3.94) (4.92) (5.62) (6.82) (7.92) (8.85) (5.69) (0.86) (15.2)
Fe 26 88.2 2033 308.0 5325 1146.3 15441 3679 282.1 76.7
Hg 26 0.0206 0.0528 0.1222 0.1824 0.3504 04361 0.1273 0.0862 67.7
Ni 26 0.640 1.256 1.800 3811 4.892 5016 2.038 1.169 574
(39,744) (1.053) (1.348) (2.264) (3.060) (3.375) (3.493) (2.194) (0.669) (30.5)
Pb 26 061 1.07 1.88 6.73 9.68 11.18 292 265 90.8
39,744 (091) (1.75) 24546 (4.42) (5.63) (7.07) (2.72) (1.14) (41.8)
Sb 26 0.080 0.122 0.148 0217 0304 0388 0.160 0.060 373
(39,744) (0.101) (0.144) (0.160) 0.191) (0.247) (0.294) (0.163) (0.026) (16.3)
% 26 0.262 0538 0.730 1.335 1674 1.866 0.844 0397 47.0
n 26 189 27.3 38.1 71.0 82.0 83.6 439 18.0 410

In parentheses: Characteristic values of the geostatistical area estimates

n sample size, P20 20th percentile, P50 50th percentile, P90 90th percentile, P98 98th percentile, MW arithmetic mean, SD standard deviation, CV relative coefficient of
variation

Table 4 Percentile and U test statistics for the total sample 2015 (n=397 to 400) and the sub-sample 2020 with concentration values
of the year 2015 (n=25)

Element n Py Pso Py n Py Pso Pso p-value
(2015) (2015) (2015) (2015) (2020) (2020) (2020) (2020) (U test)
[mg/gl [ng/gl [mg/gl [ng/gl [ng/gl [ng/gl [ng/gl [ng/gl

Al 400 138.88 196.9 460.84 25 1731 270.1 493.04 0.06*

As 398 0.07 011 0.22 25 0.08 0.13 0.22 049

Cd 398 0.09 0.14 0.26 25 0.1 0.13 0.27 0.92

Cr 399 04 0.57 1.24 25 047 0.76 1.41 0.07*

Cu 400 3.55 465 777 25 3.26 481 6.98 0.50

Fe 400 152.12 206.15 433.02 25 181.04 2504 534.46 0.04**

Hg 397 0.02 0.03 0.05 25 0.02 0.03 0.07 0.26

Ni 400 044 0.68 1.46 25 042 0.67 1.63 0.93

Pb 400 123 1.83 433 25 1.03 2.09 571 0.56

Sb 397 0.06 0.09 0.16 25 0.05 0.1 0.15 0.74

\% 400 037 0.52 1.08 25 048 0.72 14 0.01%%

Zn 400 22.68 30.69 4821 25 2745 3543 51.09 0.08*

n number of values above the limit of quantification (BG); values < BG were not considered for the characteristic value calculations, P20 20th percentile, P50 50th
percentile, P90 90th percentile

***p <0.01 (very significant)
**p <0.05 (significant)
*p <0.1 (weakly significant)

variogram for kriging interpolation is generally nugget/ The Morans I statistic [20] was used to statistically
sill ratios <75%. test whether the spatial pattern formed by a group of
objects (e.g., moss sites) is randomly distributed or
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Table 5 Median values of metal concentrations in mosses 1990 to 2020
Element Unit 1990 (n=475 1995 (n=1026 2000 (n=1026 2005 (n=724 2015 (n=397 to 400) 2020 (n=26)
to 592) to 1028) to 1028) to 726)
As ug/g 0.338 0.249 0.160 0.160 0.108 0.119
(0.101-0.114) (0.082-0.135)
Cd ug/g 0.287 0.293 0.210 0.210 0.136 0.210
(0.130-0.148) (0.158-0.244)
Cu ug/g 8.79 945 714 727 4.65 5.87
(4.44-4.84) (5.08-6.11)
Ni ug/g 2.353 1.630 1.130 1.160 0.681 1.800
(0.653-0.722) (1.291-2.095)
Pb Hg/g 12.94 7.78 462 3.69 1.83 1.88
(1.69-1.97) (1.29-3.02)
Sb ug/g n.a 0.173 0.150 0.160 0.090 0.148
(0.085-0.097) (0.130-0.165)
In brackets: 95% confidence interval for the median value
n sample size, n.a. not specified
As Cd Cu Ni Pb Sb
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Fig. 1 Temporal trends of metal concentrations in moss samples 1990-2020

spatially grouped (“clustered”). Positive Morans I index
values indicate a tendency to cluster and negative val-
ues indicate a tendency to scatter. Error probabilities
of p<0.05 mean that the measured values are not ran-
domly distributed, i.e., the detected spatial autocorrela-
tion is significant.

Following the detection of spatial autocorrelation by
variogram analysis and Moran’s I-statistics and the selec-
tion of a suitable model variogram, the spatial patterns
estimated by kriging interpolation were mapped. The
quality of the estimation results obtained from kriging

was cross-validated [21]. In this process, one value each
was taken in turn from the total set of measured values
and re-estimated by kriging with the selected model
variogram. The difference between the estimated value Z
and the measured value z forms the experimental error
£ [19]. The mean error (ME) and the mean standardised
error (MSE) indicate over- or underestimation tenden-
cies of the model variogram. The ME is calculated from
the average deviations between measured and estimated
values, the MSE relates the experimental error to the
standard deviation SD. Both measures are ideally 0. The
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Table 7 Estimation method and model parameters

Element n Vk Sk Method Transformation lambda Model Lagsize Nooflags Sectortype Max. Range

neighbours

As 26 5561 091 Ordinary Log - Exponential 40,000 15 4 (45° offset) 10 305

Cd 26 3930 038 Ordinary - - Spherical 25,000 18 4 (45° offset) 10 228

Cu 19 2139 073 Ordinary - - Spherical 55,000 12 4 (45° offset) 10 271

Ni 26 5736 1.5 Ordinary Log - Spherical 42,000 18 4 (45° offset) 10 386

Pb 26 9083 162 Ordinary Log - Spherical 20,000 18 4 (45° offset) 10 137

Sb 26 3726 203 Ordinary Log - Spherical 12,000 36 4 (45° offset) 10 224

n sample size, Vk relative coefficient of variation [%], Sk skewness, Method Kriging method, transformation Method for transforming the target variable (*=significant);
lambda Parameter of the Box-Cox transformation, Model Variogram model used, Lag size Size of the distance classes, No of Lags Number of distance classes, Sector
type Neighbourhood parameter for splitting the search window, Max. Neighbors Maximum number of sample sites in the search window, Range Range of the spatial

autocorrelation [km]

Table 8 Goodness measures of the geostatistical models and the area estimates

Analyt Nugget Partial Sill N/S Moran’s | p-value ME MSE RMSSE MPE SR MPEc r

As 0.00 0.01 0.00 0.03 0.14 0 004 115 729 1. 8 043
Cd 0.00 0.01 0.11 0.03 032 -0.01 - 0.05 112 1.45 0.95 1.38 0.26
Cu 0.00 157 0.00 —-0.05 091 —-0.05 -003 1.2 535 1 535 0.21
Ni 0.14 0.19 042 0.02 0.06 0.07 0.03 0.91 19.35 1.06 20.56 0.51
Pb 0.16 041 0.28 0.08 0.24 0.06 —0.05 0.85 25.46 1.01 25.65 0.38
Sb 0.03 0.10 0.25 -0.15 0.08 0 -0.1 1.31 3.85 1.16 447 - 045

Nugget nugget, Partial Sill partial sill, N/S nugget/sill ratio, Moran’s | Moran coefficient, p-value error probability for the Moran coefficient, ME mean error [ug/g or %
Tr.], MSE mean standardised error, RMSSE variance of the root-mean-square standardised error, MPE median percentage error [%], SR Range Ratio ratio of range cross-
validation error to range measured values, MPEc MPE multiplied by the range ratio [%], rp Pearson’s correlation coefficient

root mean square standardised error (RMSSE) reflects
the relationship between experimental and theoretical
variances and is ideally 1. An RMSSE smaller than 1 indi-
cates an underestimation, larger than 1 an overestimation
of the variance of the estimated values. The calculation of
the Median of Percental Errors (MPE) serves to compare
several measured variables with different scale expan-
sions. If the cross-validation errors show a lower range
than the empirical measured values, this speaks for the
quality of the estimation model. One way to take this into
account when calculating the estimation quality measure
is to multiply the ratio between error ranges and empiri-
cal ranges (SR—range ratio) by the MPE. Another quality
indicator is the correlation coefficient between measure-
ment and estimation results. Ideally, this is 1 [22].

Variogram analyses and mapping of kriging area esti-
mates were carried out using Geostatistical Analyst for
ESRI ArcGIS 10.2. To illustrate the temporal evolution
of areal patterns of metal content since MM1990, maps
of MM2020 were contrasted with those of the 1990,
1995, 2000, 2005 and 2015 campaigns using the follow-
ing measured value classifications:

1. Element-specific classification [2] according to previ-
ous reports for better comparability.

2. Element- and campaign-specific quantiles (10 per-
centile classes: up to 10th percentile,>10th to 20th
percentile, ...>90th to 100th percentile, determined
in each case on the basis of the measured values of
the individual campaigns), which alone are intended
to illustrate the spatial differentiation in the case of
decreasing inputs, i.e., to enable statements to be
made, for example, as to whether hot spots of earlier
campaigns remain hot spots even with decreasing
inputs, or whether the exposure patterns shift.

3. Element-specific and cross-campaign quantiles (10
percentile classes: O to 10th percentile, > 10th to 20th
percentile, ...>90th to 100th percentile, determined
in each case on the basis of the available measured
values of all campaigns), which allow a high and sta-
tistically meaningful degree of spatial and temporal
differentiation in the case of declining element con-
centrations.

Results

Quality assurance

The results of the chemical-analytical quality assurance
data (Table 1) revealed the recoveries for the trace ele-
ments other than mercury ranged between 86% (Fe) and
108% (Al) for M2 and between 93% (Ni) and 113% (Sb)
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Fig. 2 Geostatistical time series of As concentrations (1990-2020) in mosses (measured value classification according to ICP Vegetation [2]). SH
Schleswig-Holstein, HH Hamburg, NI Lower Saxony/Bremen, MV Mecklenburg-Western Pomerania, NW North-Rhine Westphalia, ST Saxony-Anhalt,
BE Berlin, SL Saarland, RP Rhineland-Palatinate, HE Hesse, TH Thuringia, SN Saxony, BW Baden-Wuerttemberg, BY Bavaria. 1 Lower Rhine 2 Ruhr area 3
Harz Mountains 4 Halle/Leipzig area 5 Ore Mountains 6 Northern Upper Rhine 7 Alpine region

for M3. The recoveries for Hg reached 158% (M2) and
157 and 171% (M3). The overestimate data of Hg could
not be explained, but could be due to the sample storage
of the moss standard.

Measured values and their statistical distribution

Table 2 contains the measurement results, and Table 3
describes their statistical distribution and that of the
geostatistical area estimates. The inferential statistical
comparison of the distributions in the overall MM2015
monitoring network (n=397 to 400) with the 2015 meas-
urements at the MM2015 sites that were also sampled

in 2020 (n=25)% shows significant differences (p<0.1)
in the 2015 measurement series for Al, Cr, Fe, V and Zn
(Table 4). For example, the median value of Al concen-
trations at all 400 sites of MM2015 is 196.9 pg/g and in
the sub-measurement network of MM2020 270.1 pg/g
each with the values of MM2015, whereby the differ-
ences are to be classified as (weakly) significant (Table 4).
In the following, therefore, only those trace elements
are considered which do not show any significant dif-
ferences between the distributions of the full and partial

2 One site was sampled for the first time in MM2020, so only 25 of the 26
sites were available for comparison.
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Fig. 3 Geostatistical time series of As concentrations (1990-2020) in mosses (cross-campaign percentile classes)

samples and for which it can thus be assumed that the
2020 monitoring network represents the concentrations
in the moss similarly to the 2015 monitoring network.
The result of the quality assurance was furthermore that
the moss standards [14] were overestimated by 50% (M2)
to 100% (M3) for Hg (Table 1), although the reason for
this is unclear. The following site- and area-related trend
analyses are, therefore, limited to the following 6 of the
12 trace elements investigated: As, Cd, Cu, Ni, Pb, Sb.

Spatial and temporal trends in metal concentrations

in mosses

As—arsenic In MM2020. As concentrations between
0.027 and 0.322 pg/g were quantitatively determined in

mosses at a total of 26 sites in Germany (Table 2), with
the highest value measured in Saxony in the Leipzig area
(SN240_1). Other sites with As accumulations above the
90th percentile (0.240 pg/g) are found in Saxony-Anhalt
and in North Rhine-Westphalia (Table 3). The target
values of the M2 and M3 reference standards were met
(Table 1).

The median value is 0.119 pg/g (Table 5) and thus lies
approximately in the trend of the last monitoring cam-
paigns (Fig. 1). Compared to MM2015, there is at least no
significant increase in the As median (Table 6). The long-
term trend since 1990 is clearly decreasing nationwide
with — 65%.
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Fig. 4 Geostatistical time series of As concentrations (1990-2020) in mosses (campaign-specific percentile classes)

The geostatistical area estimation of the As concen-
trations in the mosses was carried out using Ordinary
Kriging and was based on the given distribution with
log-transformed measured data (Table 7). The expo-
nential model variogram fitted to the experimental
semivariogram shows a very strong but non-significant
spatial autocorrelation within a range of 305 km (nug-
get/sill ratio=0; Morans I with p=0.14). The cross-
validation ratios indicate a relatively unbiased estimate
(MSE=- 0.04; RMSSE=1.15) with moderately strong
correlations (rp=0.43) and on average low deviations
between the measured values and the cross-validation
estimates (MPEc=28%) (Table 8).

Table 8 contains key figures estimated using the model
functions described in Table 7, which were derived from
the respective experimental variograms (Additional file 1:
Figures S1-S6). The estimated nugget values are zero
in three cases and close to zero in another three. Fur-
thermore, for these findings, as for all other methods of
spatially discrete sampling, statements about the charac-
teristics of measured variables at spatial distances below
the smallest measuring point distance remain unknown.

The spatial pattern illustrated by the corresponding
estimation map results in elevated As area estimates for
the year 2020 in Saarland, western Rhineland-Palatinate
and southern Saxony-Anhalt as well as in the Leipzig
area (Fig. 2; Additional file 1: Figure S1). The maps of the
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Fig. 5 Geostatistical time series of Cd concentrations in mosses 1990-2020 (measured value classification according to ICP Vegetation [2])

cross-campaign and campaign-specific percentile classes
reveal large parts of northern Germany and southern
Bavaria as areas with below-average As concentrations in
mosses in 2020 (Figs. 3 and 4).

The spatio-temporal development of the nationwide
area estimates of As concentrations in the moss is shown
in Fig. 3 using the kriging maps calculated for all six
campaigns and presented according to cross-campaign
percentile statistics. These illustrate an almost continu-
ous nationwide decrease in As bioaccumulations from
1990 to 2000. No significant changes are initially dis-
cernible between 2000 and 2005, but further decreases
can be observed on a large scale in the period from 2005
to 2015. From 2015 to 2020, the As concentrations in

mosses increased again, especially in Saarland, Rhine-
land-Palatinate and southern Saxony-Anhalt as well as
in the Halle/Leipzig area, but overall they remain below
the 2005 level. In the time series presentation of the
campaign-specific percentile classes from 1990 to 2020
(Fig. 4), especially Saxony and southern Saxony-Anhalt
appear as a consistent hot spot for the bioaccumulation
of As in mosses. The area of the northern Upper Rhine
can be identified as another consistent hot spot, albeit in
a weakened form.

Cd—cadmium The surveys at the 26 MM2020 sites in
Germany yielded Cd concentrations in mosses between
0.073 and 0.384 pg/g (Table 2), with the measured values
meeting the target value of the M2 standard (Table 1).
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Fig. 6 Geostatistical time series of Cd concentrations in mosses 1990-2020 (cross-campaign percentile classes)

The highest Cd value was measured in a hypcup sam-
ple in North Rhine-Westphalia east of Cologne (NW27)
(Table 3). The median value of 0.210 pg/g (Table 5) is
clearly above that of the previous campaign in 2015
(Fig. 1). The sites with Cd levels above the median value
are distributed across all federal states.

Since the first sampling in 1990, the Cd concentrations
in the mosses have decreased significantly by — 27% until
today. After the nationwide increase of the Cd median
from 1990 to 1995 by + 2%, there was a decrease of — 28%
in 2000, no change between 2000 and 2005, a decrease of
— 35% between 2005 and 2015 and a significant increase
of +55% again in 2020 (Tables 5, 6). Thus, the Cd median

of the current campaign is at the same level as in 2000
and 2005.

The spatial generalization of the Cd concentrations
in the mosses was carried out using Ordinary Krig-
ing (Table 7). The spherical model variogram fitted to
the experimental variogram shows a strong, although
not significant, spatial autocorrelation (Moran’s I with
p=0.32) with a range of 228 km and a nugget/sill
ratio of 0.11 (Additional file 1: Figure S2). The results
of cross-validation indicate a relatively unbiased esti-
mate (MSE=- 0.05; RMSSE=1.12) with low corre-
lated measured and estimated values (rp=0.26). The
average relative deviation, adjusted for SR, between
the empirical measured values and the estimated
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Fig. 7 geostatistical time series of Cd concentrations in mosses 1990-2020 (campaign-specific percentile classes)

values determined via cross-validation (MPEc) is only
1.38% (Table 8). Figure 5 illustrates the spatio-tempo-
ral development of Cd bioaccumulation on the basis of
the six kriging maps since 1990. After a correspond-
ing increase can initially be observed in the period
1990-1995, the values decrease across the board until
2000. In the period 2000 to 2005, a further decline in
Cd bioaccumulation can be seen in northern Ger-
many as well as in Thuringia and Baden-Wiirttemberg.
The same can be seen in North Rhine-Westphalia, but
there is a small-scale increase in the west of the coun-
try. Slight increases can also be seen in Bavaria and
Brandenburg. Between 2005 and 2015, Cd levels in
moss initially decrease significantly overall, but in the

2020 campaign they return to the 2005 level (Fig. 6). In
2020, increased Cd levels are found in the western parts
of North Rhine-Westphalia and Rhineland-Palatinate as
well as in Saarland and the Harz Mountains. The spa-
tio-temporal analysis based on the campaign-specific
percentile classes from 1990 to the present reveals a
consistently broad band of relatively high Cd bioaccu-
mulation from the Lower Rhine to Saxony (Fig. 7).
Cu—copper In MM2020, Cu concentrations between
3.93 and 14.50 pg/g were measured in the mosses at all
of the 26 sites visited in Germany (Tables 2, 3). The meas-
urements met the target value of the moss standards M2
and M3 (Table 1). The highest Cu content by far was
found in Lower Saxony (NI117_124). Other sites with Cu
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Fig. 8 Geostatistical time series of Cu concentrations in mosses 1990-2020 (measured value classification according to ICP Vegetation [2])

accumulations above the 90th percentile (7.77 pg/g) are
also found in Lower Saxony and Schleswig—Holstein. The
lowest Cu levels below the nationwide 20th percentile of
4.85 pg/g were also measured in Lower Saxony as well as
in Bavaria and Brandenburg.

Compared to the base year 1990, a declining long-term
trend with a decrease of Cu accumulation in the mosses
by —33% can be observed. From 1990 to 1995 there are
initially no significant changes, between 1995 and 2000
the Cu median decreases by —24% and for the period
2000-2005 there is again no change. Between 2005 and
2015, however, the Cu median decreases again by — 36%.
Although the current measured values of MM2020 show
an unusually significant increase in Cu concentrations

of +26% since 2015, compared to the previous cam-
paign in 2005, the Cu concentrations in the mosses have
decreased by — 19% (Tables 5, 6).

The geostatistical area estimation of the measured Cu
values was carried out by means of Ordinary-Kriging
(Table 7), whereby the spherical model variogram fit-
ted to the experimental variogram indicates a very
strong spatial autocorrelation of the measured data
(range=271 km; Nugget/Sill ratio=0). However, the
Morans [ statistic does not confirm the significance of
the spatial autocorrelation (p=0.91). Cross-validation
ratios indicate an unbiased estimate (MSE=- 0.03;
RMSSE=1.12) and the average relative SR-adjusted devi-
ation between measured and estimated values is low at
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Fig. 9 Geostatistical time series of Cu concentrations in mosses 1990-2020 (cross-campaign percentile classes)

MPEc=5.35% (Table 8). The area map shows medium-—
high Cu estimates in Schleswig—Holstein and even
slightly higher values in the Lower Rhine, Mecklenburg-
Western Pomerania, around Hamburg and in Saxony-
Anhalt. Low estimates<4.0 pg/g are mainly found in
southern Bavaria in the Alpine region (Additional file 1:
Figure S3).

The comparison of the kriging maps of all six moss
monitoring campaigns (Fig. 8) shows increases in Cu
estimates in large parts of south-west Germany for the
period from 1990 to 1995. Although decreases can be
observed in the new Liander, Cu values in 1995 remain at
a similarly high level as in 1990. By the 2000 campaign,
Cu bioaccumulation is clearly decreasing across the

board, so that areas with increased Cu values can only
be found in eastern Mecklenburg-Western Pomerania,
southern Saxony-Anhalt and North Rhine-Westphalia
(Ruhr area). From 2000 to 2005, increases in Cu content
estimates can be observed throughout the eastern part
of the Federal Republic, in the Hamburg-Liibeck area, as
well as in Hesse, Rhineland-Palatinate and North Rhine-
Westphalia. Between 2005 and 2015, estimates of Cu
concentrations decrease significantly in most parts of
Germany. Increases are only recorded in parts of Meck-
lenburg-Western Pomerania during this period. From
2015 to 2020, the Cu content in mosses increases in most
regions of Germany, but remains below the 2005 level,
with the exception of Schleswig—Holstein. Looking at
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Fig. 10 Geostatistical time series of Cu concentrations in mosses 1990-2020 (campaign-specific percentile classes)

the spatial distribution of the percentiles of the area esti-
mates over time (Figs. 9 and 10), from 1990 to 2020 parts
of Mecklenburg-Western Pomerania and Schleswig—Hol-
stein, North Rhine-Westphalia and Hamburg in particu-
lar are consistently hot spots of increased Cu enrichment
in mosses.

Ni—nickel The Ni concentrations measured in the
moss samples during the 2020 campaign (n =26, Table 2)
provide a median value of 1.800 pg/g and vary between
0.640 and 5.016 pg/g (Table 3). The highest Ni value was
determined in a hypcup sample near Leipzig (SN240_1).
Sites with Ni levels above the 90th percentile (3.811 pg/g)
occur in North Rhine-Westphalia and in Hesse. Low Ni
concentrations below the 20th percentile (1.256 pg/g)

are found in Lower Saxony and Brandenburg. The tar-
get values of the M2 and M3 reference standards are met
(Table 1).

The development of the median values of all six cam-
paigns in Germany over time gives the following pic-
ture: In the period 2000-2005, after always significant
decreases, there is for the first time an—albeit non-sig-
nificant—increase in the element medians at the federal
level (+2.7%). From 2005 to 2015, a significant decrease
of — 41.3% can be observed again. From 2015 to the cur-
rent 2020 campaign, on the other hand, an exceptionally
high increase of+165% can be observed. In Germany,
however, there has been a significant decrease of — 23%
in the Ni median since 1990 (Table 5).
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Fig. 11 Geostatistical time series of Ni concentrations in mosses 1990-2020 (measured value classification according to ICP Vegetation [2])

The nationwide area estimation of the Ni concentra-
tions for the year 2020 was carried out by means of ordi-
nary kriging of the previously log-transformed measured
values (Table 7). The spherical model variogram fitted to
the experimental variogram using the method of least
squares shows a moderately strong and weakly signifi-
cant spatial autocorrelation (Moran’s I with p<0.1) in
a range of 386 km and a nugget/sill ratio of 0.42 (Addi-
tional file 1: Figure S4). The cross-validation ratios
indicate that the spatial correlation between the experi-
mental and the experimental variograms is significant.
The cross-validation ratios indicate a low biased estimate
(MSE=0.03; RMSSE =0.91) with a medium strong corre-
lation between measured and estimated values (rp =0.51).

The relative cross-validation errors adjusted are on aver-
age MPEc=20.56% (Table 8). As Fig. 11 shows, the map
of the geostatistical area estimates for the year 2020 cal-
culated from the measured values shows areas with ele-
vated Ni concentrations in moss in large parts of North
Rhine-Westphalia, Hesse and Baden-Wiirttemberg.

The spatio-temporal development of Ni bioaccu-
mulation in Germany is shown in Fig. 11 on the basis
of the kriging maps of the six moss monitoring cam-
paigns carried out so far. These show an area-wide
decline in Ni bioaccumulation in the period from 1990
to 1995. The subsequent period between 1995 and
2000 is characterized by a further decrease in nation-
wide Ni bioaccumulations. From 2000 to 2005, the area
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Fig. 12 Geostatistical time series of Ni concentrations in mosses 1990-2020 (cross-campaign percentile classes)

estimates show slight increases in Ni levels in the north
of Schleswig—Holstein, in North Rhine-Westphalia
(Ruhr area) and Hesse, as well as in Brandenburg and
Bavaria. For the period 2005 to 2015, increases can only
be observed in parts of Bavaria, whereas in the remain-
ing parts of Germany there are area-wide decreases
in the estimated Ni enrichment in the mosses. In the
last five years from 2015 to 2020, Ni concentrations
in mosses have increased exceptionally strongly in all
parts of Germany and are roughly similar to the levels
and spatial distributions of the years 1990 and 1995
(Fig. 12). Hot spots with consistently relatively high Ni
concentrations in mosses since 1990 are found in North

Rhine-Westphalia, the northern Upper Rhine and in
the Leipzig area (Fig. 13).

Pb—lead For lead, the M2 target value is slightly
underestimated, M3 is in the target range (Table 1). In
MM2020, Pb levels of 0.61 to 11.18 pg/g with a median
of 1.88 pg/g were determined at 26 sites in Germany.
The highest value nationwide was measured in a Hyp-
cup sample in Saarland (SL9_2) (Tables 2, 3). Further
elevated Pb concentrations above the 90th percen-
tile (6.73 pg/g) are found in moss samples from North
Rhine-Westphalia and Saxony-Anhalt. The sites with
the lowest values are in Lower Saxony, Brandenburg
and Bavaria.
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Fig. 13 Geostatistical time series of Ni concentrations in mosses 1990-2020 (campaign-specific percentile classes)

The accumulation trend shows very significant
decreases in the nationwide Pb medians between all
monitoring campaigns up to 2015. However, the cur-
rent readings from MM?2020 show no significant changes
compared to the previous campaign in 2015. The long-
term trend 1990-2020 continues to be characterized by a
significant decrease of —86% at the federal level (Tables 5,
6) (Fig. 13).

The areal determination of the Pb bioaccumulation in
MM2020 was carried out using ordinary kriging based
on the previously log-transformed measured values
(Table 7). The spherical model variogram shows a strong
but non-significant spatial autocorrelation (Moran’s
I with p=0.24) with a range of 137 km and a nugget/

sill ratio of 0.28 (Additional file 1: Figure S5). The Mean
Standard Error (MSE) of -0.05 obtained by cross-valida-
tion indicates a relatively unbiased estimate, the RMSSE
is 0.85. Furthermore, a weak correlation between the
measured and estimated values (rp=0.38) was calculated
for the model with an average percentage corrected error
of MPEc=25.7% (Table 8). The map of the 2020 geosta-
tistical area estimate shows predominantly areas with low
Pb concentrations <5 pg/g (Fig. 14). Areas with slightly
elevated values of Pb enrichment between 6 and 10 pg/g
are noticeable in North Rhine-Westphalia, Saarland,
western Rhineland-Palatinate and in the area of the Harz
Mountains.
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Fig. 14 Geostatistical time series of Pb concentrations in mosses 1990-2020 (measured value classification according to ICP Vegetation [2])

Figure 14 shows the spatio-temporal trend of Pb bio-
accumulation based on the kriging maps of the meas-
urement campaigns from 1990 to 2020. These show
an area-wide decline in Pb values for the subperi-
ods from 1990 to 2015, with the strongest declines in
North Rhine-Westphalia and in some regions of south-
ern Brandenburg and Saxony (Lausitz and Erzgebirge).
However, in the period between the last two measure-
ment campaigns in 2015 and 2020, contrary to this
long-term trend, a slight increase can be observed
again in most regions of Germany—with the exception
of Schleswig—Holstein and large parts of Lower Sax-
ony—although the 2005 level is generally not reached
(Fig. 15). In the time series of the six campaign-specific

percentile maps (Fig. 16), North Rhine-Westphalia,
Saarland, the Harz Mountains as well as the Ore Moun-
tains can be identified as consistent focal areas of Pb
enrichment in mosses, while large parts of northern
Germany and Bavaria have always had the lowest Pb
concentrations since 1990.

Sb—antimony The target values of the M2 and M3 ref-
erence standards are met (Table 1). The Sb concentra-
tions in the mosses determined nationwide at the 26 sites
give a median value of 3.087 pg/g and lie overall between
0.080 and 0.388 ug/g. The maximum was measured
in a hypcup sample taken in North Rhine-Westphalia
(NW27). The maximum was measured in a hypcup sam-
ple taken in North Rhine-Westphalia (NW27) (Tables 2,
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Fig. 15 Geostatistical time series of Pb concentrations in mosses 1990-2020 (cross-campaign percentile classes)

3). The spatial distribution shows Sb levels above the 90th
percentile (0.217 pg/g) predominantly in North Rhine-
Westphalia and in Saxony-Anhalt. Low Sb concentra-
tions below the 20th percentile (0.122 pg/g) are found
nationwide distributed over Bavaria, Hesse, Lower Sax-
ony, Rhineland-Palatinate and Saarland.

As can be seen in Table 6, after a significant decrease
in the nationwide Sb medians in the period from
1995 to 2000 (— 13%), a significant increase of 7% can
be observed in the period from 2000 to 2005 and a
decrease of — 44% again between 2005 and 2015. Since
the last campaign between 2015 and 2020, an increase
of +64% can be observed again. The long-term trend
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from 1995 to 2015 at the federal level continues to show
a significant decrease in the Sb medians (— 14%).

The spatial generalisation of the Sb values was carried
out using ordinary kriging of the previously log-trans-
formed measured values (Table 7). The spherical model
variogram fitted to the experimental variogram shows
a nugget/sill ratio of 0.25 within the radius of 224 km
and thus a strong spatial autocorrelation, which proves
to be weakly significant despite the few measurement
points (Moran’s I with p=0.08). However, the measures
of cross-validation indicate a slightly biased estimate
(MSE=- 0.1; RMSSE=1.31) with an implausible cor-
relation of the measured and estimated values of — 0.45
(Additional file 1: Figure S6). However, the average



Schroder et al. Environmental Sciences Europe (2024) 36:34 Page 23 of 28
L d Pb [ug/g] [0 15,91 -17,03 12,57-1339  Pb [uglg] [0 9,65 - 10,59 745-7,89 Pb [ug/g] [0 5,974- 6,89 4,12-4,43
14,97 - 15,91 11,67 - 12,57 8,90 - 9,65 6,99-7,45 5,31-5,97 3,82-4,12
ea = :.,13'37_519 75 14,14 - 14,97 [ 10,64 - 11,67 = :015:?12 50 8,36-890 [ 6,49 - 6,99 = ; ;'972 74 4,82-5,31 [ 3,42-3,82
' ' 13,39 - 14,14 [ <1064 ’ ' 789-836 M <649 A 4,43-4,82

Pbluglg] [ 476-522 3,40-3,67 Pb [ug/g]
4,32-4,76 3,17-3,40

I > 5,99 g . g g - 262

B 522 5.9 3,95-4,32 [ 2,96 - 3,17 W 226262

3,67-3,95 [l <2.96

0 208-2,26 1,66-1,76 Pb [ug/g] I 312-361 1,89-2,11
1,94 -2,08 1,55 - 1,66 a3 2,79-3,12 1,75- 1,89
1,84-1,94 [ 1,46 - 1,55 -3eH-443 2,46-2,79 [ 1,58 - 1,75
1,76 -1,84 [ <1.46 . ’ 2,11-2,45 [l <158

Fig. 16 Geostatistical time series of Pb concentrations in mosses 1990-2020 (campaign-specific percentile classes)

discrepancy between the measured values and cross-
validation estimates multiplied by SR remains low and
amounts to MPEc=4.47% (Table 8). As Fig. 17 shows,
the focus of elevated Sb estimates in 2020 is in North
Rhine-Westphalia, while the rest of Germany has low
Sb concentrations (< 0.2 ug/g). According to the current
campaign, the lowest Sb values (<0.12 pg/g) are found
in Lower Saxony, Hesse and Rhineland-Palatinate.

The spatio-temporal development of Sb bioaccumula-
tion shown in Fig. 17 on the basis of five kriging maps
shows area-wide decreases, some of them significant, in
the period from 1995 to 2000. In the period from 2000
to 2005, the area estimates in North Rhine-Westphalia
(Ruhr area), Hesse, Rhineland-Palatinate, Saxony and

Bavaria show an increase in Sb concentrations again. A
decrease in values can be observed especially in Saarland.
Between the 2005 and 2015 measurement campaigns,
further significant decreases can be observed through-
out Germany, but Sb concentrations increase again from
2015 to 2020 in most parts of Germany (Figs. 18, 19), so
that the nationwide pattern of Sb levels in 2020 again
approximates that of 2005. Consistent focal areas of Sb
bioaccumulation emerge in the campaign-specific evalu-
ation since 1995 for North Rhine-Westphalia and the Ore
Mountains (Fig. 19).
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Fig. 17 Geostatistical time series of Sb concentrations in mosses 1990-2020 (measured value classification according to ICP Vegetation [2])

Discussion

The decreases recorded for all heavy trace elements in
the period between MM2005 and MM2015 did not con-
tinue in the current campaign. On the contrary, for four
of the six trace elements investigated (Cd, Cu, Ni and Sb)
higher concentrations were measured in the moss sam-
ples in MM2020 than in MM2015 (Table 6). The range
extends from+26% (Cu) to+165% (Ni). For As and Pb,
on the other hand, no significant changes compared to
2015 can be observed. The long-term trend is different
when comparing the current median values with those
of the base year (=year of first sampling): Since 1990, the
median concentrations of As, Cd, Cu, Ni, Pb and Sb in

the mosses have decreased significantly, with the strong-
est decrease being recorded for Pb (-86%).

Six of the twelve elements investigated had to be
excluded from consideration in advance, as either the
measured values of 2015 at the 26 MM2020 sites already
differed significantly from those of the total MM2015
sample (=397 to 400) (Al, Cr, Fe, V and Zn) or the moss
standards in the quality assurance were overestimated by
50 to 100% (Hg).

In principle, it must be taken into account that the
determined temporal trends may be significant in a
statistical sense, but it cannot be ruled out that small-
scale measurement variability, for example due to
crown effects [23], may influence them. Another factor
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Fig. 18 Geostatistical time series of Sb concentrations in mosses 1990-2020 (cross-campaign percentile classes)

of estimation accuracy for the central tendency is the
small number of cases (n=26) in the current campaign.
The minimum sample numbers (MPZ=number of
sites) calculated for the 12 standard elements and nitro-
gen in MM2015 according to the SSAD (Sample Size
for Arbitrary Distributions) method [24, 25] can serve
as a benchmark for assessing this issue for compliance
with an error tolerance of 20% in the calculation of the
arithmetic mean (a=0.05). Accordingly, based on the
sample sizes evaluated in MM2020, the largest inaccu-
racies (>20%) are to be expected for As, Cd, Cu, Ni and
Pb. For the remaining trace elements, the minimum
sample numbers are also not achieved in the MM2020.

Looking at the confidence intervals that include the
true median value of 2022 with a 95% probability, the
upper limits of these intervals in 2015 are clearly below
the lower limits of the intervals of 2020 for Ni and Sb,
and still slightly below the lower limits of the intervals
of 2020 for Cd and Cu. This means that the probability
that there was an actual increase in these element con-
centrations between 2015 and 2020 is over 95%.

Furthermore, with regard to the small sample size
in 2020, it should be borne in mind that the degrees
of freedom are further reduced in the case of spatially
autocorrelated data (especially in Lower Saxony) and
that this can have an impact on the significance test
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Fig. 19 Geostatistical time series of Sb concentrations in mosses 1990-2020 (campaign-specific percentile classes)

in the inferential statistical trend analysis. In the geo-
statistical area estimates, the low spatial density of the
sampling network also leads to the fact that the spatial
autocorrelation is to be classified as non-significant for
five of the six trace elements examined in MM2020.
Furthermore, compared to the previous campaigns, the
spatial autocorrelation ranges are mostly much larger,
up to 386 km, within which the spatial interpolation is
carried out, which leads to relatively low spatial differ-
entiations of the area estimates.

Furthermore, at the 26 sites of 2020, fourteen samples
were collected from completely different moss sampling
areas than in MM?2015, which are located within the
2 km radius permitted by the Moss Manual, but which

in some cases show deviating deposition conditions (e.g.,
vegetation structures) in the small-scale observation.
Despite the uncertainties described above, increased
levels of the trace elements studied (As, Cd, Cu, Ni, Pb
and Sb) were found in mosses between 2015 and 2020.
Increasing metal concentrations in mosses for Al, As, Fe,
Co, Cr, Hg, Ni, V and Zn are also reported from other
EMS participating countries between the Moss Surveys
2015 and 2020, e.g., in Sweden for Al, As, Fe, Co, Cr,
Hg, Ni, V and Zn (G. Pihl-Karlsson, pers. comm. Com-
munication, 24.02.2022; Helena Danielsson, e-mail
23.03.2022). Trace elements and nitrogen should remain
components of environmental monitoring, as it has been
demonstrated that after years of decreasing bioaccumu-
lation, interim trend reversals also occur. In this respect,
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the study provides one of many necessary contributions
to the discussion on the extent to which analytes of cur-
rent monitoring programmes are still relevant and up-to-
date and whether there are new substances that are also
relevant or even more relevant than existing analytes and
to what extent this should be taken into account in the
design of environmental monitoring.

The increased metal concentrations in mosses over
the last five years do not correspond to the correspond-
ing trends in reported metal emissions in Germany
(2015-2020; [26]). Rather, there are opposite devel-
opments, i.e.,, while metal emissions are consistently
declining, the measured concentrations in the mosses
increase between 2015 and 2020. The largest discrep-
ancies are found for Ni. For comparison, France simi-
larly reports an increase in Pb concentrations in mosses
between 2015 and 2020, although the trend shown in
the French emission inventory is decreasing (Caroline
Meyer, e-mail of 20.03.2023). The long-term trends
of As, Cd, Cu, Ni and Pb concentrations measured
in the mosses, on the other hand, show good overall
agreement with the corresponding emission trends in
Germany (1990-2020,[26], although it is noticeable
that the long-term trends in the moss data are mostly
weaker than in the emission data [12, 13].

Finally, it cannot be assessed whether the significant
decreases in metal content in the mosses observed in
MM2015 (n=397 to 400) or the significant increase
observed in MM2020 (n=26) each represent excep-
tions in the long-term trend. This could only be clarified
in MM2025 on the basis of a larger sample (n=400). A
more detailed comparison with the trends in metal accu-
mulation in mosses reported from other European par-
ticipating countries is also recommended.

This comparison of trends in metal emissions [26]
with the values from moss monitoring strongly suggests
that it is not sufficient to consider only emission data
or the modelled deposition derived from these data.
Rather, it is essential to supplement them with tech-
nically measured air concentration and atmospheric
deposition data. This applies all the more because emis-
sion data are usually incomplete and often not based on
direct measurements (as in the case of domestic com-
bustion plants), but on semi-quantitative estimates.
For an analysis of the temporal trends of atmospheric
metal deposition by comparison between technically
measured deposition and bioaccumulation measured
in mosses, at least 56 sites with distances of less than
5 km between the stations of the air quality monitor-
ing network of the Federal Government/the Lander and
the sites of the moss monitoring network sampled since
1990 would be available as a paired sample [27]. An
integrative trend analysis based on this would also help
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to clarify the question of whether and to what extent
the years 2015 or 2020 are to be classified as excep-
tional years with regard to metal concentrations in the
mosses.

The geostatistical area estimates of the MM2020 meas-
urement results can only be seen as an intermediate step
towards a more comprehensive campaign in 2025. For
this, a measurement network density of at least 350 to
400 sites in Germany is recommended to ensure geosta-
tistical validity according to the results of MM2015 for
nitrogen and also all 12 standard elements of the Euro-
pean Moss Survey [2, 28].
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