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Abstract

Archived foliage can reveal environmental changes beyond measurements made during routine monitoring. We
evaluated archived Norway spruce (Picea abies) needles from two German forest monitoring plots to reconstruct
pollution histories and investigate nutrient and physiological responses to environmental change. 167 annual
composite samples of living first-year and third-year needles and dead litterfall needles were reanalysed for
elements, stable isotopes, and near-infrared (NIR) spectra. Reanalysed lead concentrations agreed with original
measurements (R? = 0.90), supporting retrospective heavy metal analyses. Lead declined markedly, and rare earth
element concentrations more than halved. Mercury decreased comparatively little over time. Dead needles
generally contained higher pollutant concentrations than living needles. Carbon isotope discrimination increased,
particularly in dead needles, while nitrogen isotope signatures became increasingly depleted in '*N over time.
These temporal trends reflected overlapping influences of atmospheric deposition, nutrient acquisition, and
changing growing conditions (i.e. annual mean temperature and precipitation sums). NIR spectra distinguished
needle classes and sampling years more strongly than sites. Compositional predictions were modest (R = 0.17—
0.39), whereas sampling year was predicted more accurately (R? = 0.70). Environmental spectral changes could
not be separated from storage-related ageing. Our analyses show that archived needle samples provide
retrospective pollution records over long periods of time, but organic stability and interacting environmental
influences constrain interpretation of long-term trends.
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Introduction

Monitoring element levels in conifer needles has a long tradition in Germany as a diagnostic tool for nutrient
imbalances and productivity losses in foresty (Hiittl 1992). Serious environmental concerns caused by atmospheric
pollution and the novel type of forest dieback (Waldsterben) in the early 1980s prompted the federal states to
initiate dense regular monitoring programmes (covering rasters of 8 x 8 km), especially in the highly endangered
mountain areas. Examples were the investigations on permanent plots in Southern German forests, e.g.
Okologisches Wirkungskataster (OKWTI) in Baden-Wiirttemberg (Franzaring et al. 2010) and the Bavarian Spruce
Needle monitoring network (LfU 2018). Due to the general decrease in pollution levels and financial restrictions
in the early 2000s, most of the Federal programmes have been ceased meanwhile.

However, spruce needles are still being sampled on a lower number of plots and on an irregular basis in Germany.
Examples are the Environmental Specimen Banking (UPB www.umweltprobenbank.de) and the German Soil
Surveys (BZE Bodenzustandserfassung I to III, BMEL 2021). Latter investigations have been integrated into the
transboundary ICP Forests Programme (International Co-operative Programme on the Assessment and Monitoring
of Air Pollution Effects). Being a trans-national, northern hemispheric initiative, the programme studies the impact
of ongoing environmental changes in forest ecosystems, with a key focus on tree and soil health (UN/ECE, 2023).
Analyses of conifer needles provide critical insights into the nutritional status and pollutant loads over time, which
show interactions with the Europe-wide acidification, eutrophication and climatic change (Lorenz et al. 2008;
Rautio et al. 2020). Weiss (1999) compiled a comprehensive review of essential element and heavy metal
concentrations in spruce needles from the older literature and element reference levels in the wood of spruce have
been provided by Offentaler & Weiss (2008). Latter may be used as a reference to dendrochronological studies on
the history of pollution.

In recent years, the number of ICP forest monitoring plots and selected trees has decreased in many places due to
storms, repeated droughts, over-ageing, severe needle loss and calamities (Michel et al., 2024; Ferretti et al., 2025),
so that older trees will consecutivley have to be replaced by younger specimens and probably species. Future and
retrospective analyses of archived samples must be based on the same tree cohorts and should go back in time for
a few decades. Such investigations can give insights into the rising environmental levels of emerging pollutants,
e.g. organic flame retardants, persistent PFAS as well as rare earth elements (REE), which will be used in greater
quantities in the future. In the case of the heavy metal mercury, which has not much been studied in regular forest
monitoring programmes (except Wohlgemuth et al. 2022), analyses of needle material for retrospective analyses
will be better suited than e.g. dendrochronological analyses due to the unambiguous dating. Another reason is that
leaves/needles are the primary receptor of gaseous air pollutants, whereas the translocation mechanisms for Hg
and other metals/chemical compounds to the stems/tree rings via the xylem are not fully understood (McLagan et
al. 2022; Monaci & Baroni 2025; Boonen et al. 2025).

In present contribution, we will focus on the concentrations of certain elements (nutrients and heavy metals) and
the composition (C:N, ash and reflective properties) of ground samples of alive and dead needles that have been
collected on two forest monitoring plots during the years 1983 and 2019. Towards the end of the 40-year period,
spruce has seen massive die-back all-over Central Europe due to the long-term effects of air pollution, which was
recently and, in the future, will be aggravated by climate change and severe droughts (Anders et al. 2025). Also in
Switzerland, Braun et al. (2025) documented a nine-fold increase in mortality for Norway spruce after the drought
years following 2018 especially under high N deposition.

While geological backgrounds and forest management of the two plots do not differ much, we hypothesize that i)
the increasingly drier and warmer conditions have left an imprint on the chemistry and composition of the samples,
which can be observed both in needles that were still alive and already dead at the time when the samples were
gathered. While classical pollutants, e.g. lead and other heavy metals show a decrease in concentrations, we
hypothesize that ii) rare earth element (REE) concentrations are showing an upward trend due to the increased use
of these elements in the energy and digital transition. With the rising global temperatures and the loss in forest
cover, the evasion of toxic mercury could become more pronounced, so we hypnotized that iii) despite the overall
decreases in recent Hg emissions, the uptake of Hg® in leaf organs will not change much over time. Last but not
least, the climatic changes during the recent decades, the earlier onset of vegetation growth and worsened growth
conditions would leave an imprint in the material so that we hypothesized iv) that isotopic signatures and NIR
spectra of the ground needles have changed over time and clearly differ between the alive one-year and three-year
old needles and the dead needles that were collected in the litter.



The overall objective of our study was to test, whether archived material can be used as a retrospective tool for
pollutants and elements that had not been addressed in the original studies. We presumed that the storage of the
samples under dark, dry and cool conditions would not affect the chemical composition of the material and that
leaf organs may better reflect the environmental contamination than tree rings.

Materials and methods

Spruce (Picea abies (L.) H. Karst.) is an important forest and timber tree species that for centuries has been
cultivated outside its native range in Central Europe (Seim et al. 2022) but nowadays faces severe challenges from
dieback. In Rhineland-Palatinate, the Federal Land with the highest share of forest area in Germany (48%), it
covers more than 15% of the land area (3™ forest inventory, https://bwi.info).

The original data and samples used in present study were provided by the Research Institute for Forest Ecology
and Forestry (Forschungsanstalt fiir Waldokologie und Forstwirtschaft, FAWF) and were derived from two
representative permanent plots, namely Idar-Oberstein (Hunsriick, Hochwald and Idarwald) and Adenau (North
Eastern Eifel), where long and consistent time-series were available (see map insert Fig. 1). Plots have been
monitored since 1983 and the yearly investigations were based on the standardized protocols outlined in Tarricone
et al. (2015) and Rautio et al. (2020). Non-destructive assessments of the vitality (crown condition, de-foliation)
were done in July on all trees in a permanent monitoring plot of 50 x 50 m. Needle sampling took place after the
vegetation period (winter months November to March) on other trees than those used for crown condition
assessments and considered a uniform height and canopy position. Twigs were harvested from marked trees by
helicopter and after 2006 tree climbers were involved in the sampling. Needle and shoot length were measured on
selected side and main branches since 1997. The seventh whorl was used for the assessments and the next younger
whorl was chosen, when there was not enough needle material. Here, we only considered the originally selected
main branches but addressed all the up-to-seven age classes present at the times of assessment. For each
measurement, we knew in which year it was performed and in which year the shoot/needles were formed. We
could thus determine the age of the measured organs and follow how the mean needle and shoot length changed
in consecutive years.

For the chemical analyses, needles from the current terminal first-year (c+0) and third-year (c+2) shoots were
sampled. Here, we will refer to the samples as cohorts of one year and three-year-old needles that were collected
as alive green organs. A detailed overview of the procedures of the forest monitoring and the results from all plots
are given by Greve et al. (2016), but the findings from later than the year 2013 have not been analyzed in detail.

We also considered the dead needles that were collected in the annual litterfall since 1997. Originally, litter samples
were gathered from twelve single collectors and were taken every month covering a year from November to
November. Four samples were combined to one for the element analyses. We had additional information on total
masses per hectare, needle mass and area and derived from these, specific leaf area (SLA). Apart from needles,
litterfall was further sorted into the fractions, cones, twigs and the rest.

All the samples were stored both as dry intact and milled samples under dark, dry and temperature-controlled
conditions in a NATO Bunker in the Palatinate region. Sub-samples for the retrospective analyses in our study
were taken in early 2025. An aliquot of 1g of the up to 15 individual tree samples was taken, combined and
thoroughly mixed prior to the analyses. In addition to the milled samples, we obtained a sub-set of samples from
intact needles, which we milled in our lab. Chemical analyses performed by FAWF were available for all the
samples of the mentioned litterfall fractions and the alive needles. To reduce the effort in our lab, samples were
pooled to one sample per year, resulting in a total of 167 composite samples.

Chemical analyses in the first years of the study were done using acid digestion (HNO3) followed by flame atomic
absorption spectrometry (FAAS), which was later replaced by Inductively Coupled Plasma atomic emission
spectrometry (ICP-AES). After 2014 all analyses were made using ICP-MS. NIST 1575 Pine needle standards
were used to calibrate and check the analyses.

To calibrate our approach, we re-analyzed Pb and hoped to come up with the same results that had been obtained
in previous analyses. If the numbers differed, a “sample ageing” could be the reason that would affect chemical
composition. However, Hg cannot evade when bound to organic material and all the samples were stored und dry,
dark and cool conditions.

Analyses of Hg, Pb and the rare earth elements (REE) cerium, (Ce), lanthanum (La) and neodymium (Nd) took
place at the Hohenheim Core Facility (CFH) after VDLUFA (2011, 2014). 0.2 g of the milled needles were
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digested in HNO; using an UltraClave 11l microwave (MLS Leutkirch, Germany). The heavy metals and the REE
were then determined by inductively coupled plasma mass spectrometry (ICP-MS) applying a NexION 300 X
system (PerkinElmer, Rodgau, Germany). NIST Standards 1575a and NIST 1573a were used for quality assurance.

Near-infrared spectrometry (NIRS) analyses were performed using the Bruker MPA (Bruker Corporation,
Billerica, MA). The ground needle samples were measured in diffuse reflection with an RT-PbS detector. The
resolution was set to 8 cm™!, and 32 scans were co-added for both the sample and the background. Because some
samples contained unground needle fragments, the material was not entirely homogeneous. To account for this,
each sample was measured three times, and care was taken to measure only ground material.

For each sample, the replicate spectrum was averaged, and the standard deviation across the replicates was
calculated at every wavelength and averaged over the spectrum. Dividing this average standard deviation by the
mean absorbance of the sample gave its coefficient of variation (CV). Two samples were dropped as they had
markedly higher CVs than the other samples, Sample 34 (CV = 7.8 %) and Sample 103 (CV = 6.5 %) compared
to the set median of CV = 0.35 % and the next highest sample with CV = 1.3 %. These two samples are therefore
not part of the subsequent analysis of the spectra.

Before modelling, the remaining spectra were corrected for light-scatter effects. Two standard scatter corrections,
Standard Normal Variate (SNV) and Multiplicative Scatter Correction (MSC), were applied separately and
compared. Each was optionally followed by a Savitzky—Golay first-derivative filter with an 11-point window and
a second-order polynomial. For each target, the preprocessing was selected within the cross-validation described
below. In addition to the full recorded range (782—2779 nm), a small number of literature-based absorption
windows in the combination-band and first-overtone regions (1389-2500 nm) were considered as candidate
variable subsets.

Quantitative calibrations for the continuous targets (sampling year and the compositional parameters) were built
by partial-least-squares regression (PLSR), the established chemometric method for NIR data. The categorical
targets (needle age class and site) were treated by the analogous PLS discriminant analysis. The number of latent
variables was the only structural setting of the models; it was searched over 1 to 12 and selected by cross-validation,
and for the reported models always remained well below the number of calibration samples.

The current-year, older and senescent needles collected at one site each year share the same stand, growing season
and laboratory batch and cannot be regarded as statistically independent. All validation therefore kept the needles
of a site-year collection together as a single unit that was used either entirely for calibration or entirely for
validation. Both the preprocessing and the number of latent variables were selected using only the calibration
samples of each calibration-validation split, so that the reported errors refer to genuinely unseen collections rather
than to samples the model had already partly seen.

Every figure of merit reported for the calibrations, and every point in the predicted-versus-measured plots (Fig. 7),
is based on cross-validated predictions that were obtained in the following four steps.

1. The 65 site-year collections were partitioned into ten folds of roughly equal size, each collection kept
intact together with its age siblings.

2. Each fold in turn was held out as the test set while the remaining nine folds formed the calibration set, so
that every collection was held out exactly once.

3. From the calibration set alone the model was chosen by a further, internal five-fold cross-validation over
the same site-year collections. Each of the 288 candidate combinations (the candidate spectral regions
and preprocessing pipelines explained above each tried with 1 to 12 PLS latent variables) was scored by
its predictions on the internally held-out samples, and the combination with the highest internal R was
kept.

4. This single combination was refitted on the whole calibration set and used to predict the held-out samples;
those predictions are the points plotted for that fold.

Repeating steps 2 to 4 for each of the ten folds gives exactly one predicted value per sample. The R2, ratio of
performance to deviation (RPD) and Ratio of Performance to Inter Quartile distance (RPIQ) annotated on each
panel are computed from precisely this pooled set, so the points shown in Fig. 7 and the figures of merit quoted
for them are one and the same result. The region, preprocessing and number of latent variables chosen in step 3
may differ from fold to fold. Where a single configuration is quoted, as in Table 1, it is the modal one, i.e. the
combination selected most often across the ten folds.



Predictive performance is reported by unit-free measures only, so that constituents with different units remain
comparable. These are the cross-validated coefficient of determination R?, the RPD (the standard deviation of the
reference values divided by the root-mean-square error of prediction) and the RPIQ (the interquartile range divided
by the same error), the latter being more robust to skewed reference distributions. For the categorical targets,
balanced accuracy is reported against the majority-class baseline. The statistical significance of every model was
checked by a label-permutation test, in which the reference values were randomly reassigned and the whole
procedure was repeated. All models discussed below were significant at p<0.01.

Analysis of stable isotopes 1*C and 'SN: approximately 2 mg of a milled plant sample were weighed into tin cups
for stable isotope ratio analysis. The samples were pyrolyzed (950 °C) and oxidized in the element analyzer Vario
ISOTOPE select (Elementar Langenselbold, Germany) using He as a carrier gas. The Vario ISOTOPE select is
linked with the isotope ratio mass spectrometer (Elementar Langenselbold, Germany), isotopic ratios of N> and
CO, were determined and calibrated using suited reference materials. The sample isotope ratios were compared to
those of pure cylinder gases injected directly into the IRMS before and after sample peaks. The isotopic ratio is
expressed in parts per thousand as 8'*C (VPDB) and 3'°N (Air).

CN elemental analyses were performed on the samples via an element analyzer Vario ISOTOPE select (Elementar
Langenselbold, Germany) by catalytically combusting the samples with pure oxygen at high temperatures and
quantitatively reducing them to molecular nitrogen and SO..

Results and discussion
Climatic conditions and trends over time

In present study, we considered data from long time series collected at the two FAWF long-term monitoring plots
Idar-Oberstein (Hunsriick) and Adenau (North Eastern Eifel), see map insert Fig. 1. Observations stemmed from
unlimed forest inventory plots that had been studied since the year 1983. Microclimate data from the plots were
available from 1988 to 2016 and were compared to data from the DWD reference station Trier. Trends (data not
shown) were not obvious in the temperature data acquired within the montane forest plots, probably because data
stretched only until 2016 and missing or wrong data due to malfunctions of the climate stations could not be ruled
out. We therefore extracted time series from the Deutscher Wetterdienst (DWD) hydrometeorological raster
dataset (HYRAS, 5 x 5 km) that were based on modelling temperatures and precipitation for each of the sites
considering the eight nearest stations from the DWD national network. According to these data, mean temperatures
were slightly lower at the Idar-Oberstein plot compared to Adenau, latter place being situated at a slightly lower
altitude (Fig. 1 upper panel). Due to more gradient rainfall, precipitation was significantly higher in the Western
Hunsriick mountains than in the Eastern Eifel. The modelled HYRAS data confirmed both the altitudinal
temperature gradient and the global warming over time. Accordingly, the climate data measured at the DWD
station Trier (80 km from both stations) for the period 1983 to 2023 shows a linear trend in temperatures (R? 0.48;
+0.4°C per decade) and a slight reduction of precipitation (R? 0.09, -30 mm per decade).

In order to better focus on the climate of the growing season of the current first needle class that was sampled
along with the third needle class in the winter, we calculated growing degree days (GDD, sum of daily temperatures
above 0°C) and precipitation sums for the months April to November using the HYRAS data. We hypothesized
that the seasonal climate (day of the year, DOY 91 to DOY 334) better explains the biological responses of the
studied alive and dead organs than the yearly means also covering the unproductive winter months. Temperature
and precipitation sums (data not shown) at the two sites showed more pronounced changes between 1980 and 2020
than the yearly averages. During the times series, GDD at Idar-Oberstein increased by 12.8 °days (R? 0.52) and at
Adenau by 10.1 °days (R? 0.44) per year, whereas seasonal precipitation sums decreased by 2.2 and 2.5 mm per
year, respectively. In line with the higher GDD, needle sprouting was advanced by 7 days per decade (R? 0.5, data
not shown) at Reichenbach (DWD site 09968, data available from 1980 to 2018), which is situated close to Idar-
Oberstein. Unfortunately, long-term data for a location close to Adenau was not available in the phenological
database of the DWD, but the advancement of sprouting of new needles should also be traceable there. As has
been demonstrated by weekly radial growth measurements by Bose et al. (2025), the earlier onset of the vegetation
period, however, did neither boost nor compensate the seasonal growth of spruce and other tree species.

While the increasingly drier atmospheric conditions may explain plant (eco)physiological changes, (reduced) air
pollution and global brightening (less particles and soot) may also have directly or indirectly contributed to
biological and leaf compositional changes. PM10 (data not shown), NO, and SO; levels have much decreased
during the last four decades, while the annual means of tropospheric ozone have steadily increased over time (Fig.
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1 lower panel). Since the ozone precursor concentrations have declined, the main reason for the higher
photooxidant levels can be assumed to be the increased global radiation (data not shown), which parallels the
elevated temperatures, and which can interact with the plant-water relations of trees. We assume that the ongoing
CO, fertilization effect and the reduced acidification (rising rainfall pH, data not shown) will also indirectly affect
the nutrition, health and growth of forests. pH of the rainfall may furthermore have direct effects on the wash-off
of adhering particles and contaminants as well as the buffering capacity of soils.
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Figure 1. Climate and air pollution recorded at the two forest monitoring sites Idar-Oberstein (¢) and Adenau (*)
over 40 years. Above panel: temperatures representing annual data from the DWD-weather station Trier and the
modelled HYDRAS data for the two plots. Insert shows the shape of the Federal Land Rhineland-Palatinate and
the locations of sites considered here. Central panel shows the precipitation sums measured at Trier and those
modelled for the two permanent plots. Below panel: Measured nitrogen deposition at the two forest sites and air
pollution data (SO,, NOyx and Osz) measured within the ZIMEN network (https:/luft.rlp.de/zentrales-
immissionsmessnetz-zimen).

Litterfall and trends over time

Litterfall, i.e. the sum of the fractions twigs, needles, cones and rest, was higher at Adenau as compared to Idar-
Oberstein, probably because of lower annual growth rates and productivity at latter site and its higher elevation.
The data on needle mass in the litter showed some consistencies at the two sites, with slightly decreasing masses
over time (Fig. 2). Shed twig mass showed an increase in recent years, indicating an impaired tree health which
was also shown in the yearly assessments of defoliation (see Table S1 supplementary). The peak twig and needle
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mass shed in the year 1990 in Idar-Oberstein probably relates to the impact of the winter storm “Wiebke”, whereas
the cyclone “Lothar” in the end of 1999 did not leave an imprint. In the Adenau plot, litterfall showed a slightly
inverse relationship to the HYRAS precipitation sums of the preceding year, indicating that more dead material
had been shed from the trees after dry years. However, this trend may be confounded by the fact that with the
ageing of trees in a drier environment the vitality and growth may generally have come under pressure. In the
wetter and cooler Idar-Oberstein plot, litterfall was almost unaffected by the drought experienced during the years
before. The share of dead needles to total litter mass (data not shown) varied from 40 to 90% at both sites and
showed similar trends over time. It seemed to be unaffected by climatic parameters, but since the year 2005 the
share of needles to total litter mass had declined in Adenau.

After 2004, biometric parameters of the dead needles were studied and showed that 1000 needle mass and area
(data not shown) did not change over time. On the contrary, specific leaf area (SLA) of the needles from the litter
slightly decreased over time (R? 0.26), suggesting that needles became more compact over time. This was,
however, not directly related to climatic changes or year-by-year variation of the seasonal climate. Since needles
shed as litter comprise of different age classes, climatic effects of single years on the needle biometry cannot be
identified. It may also be that the higher mass to area ratio (inverse of SLA) related to tree ageing or a lower
degradation of the material e.g. due to the general trend to drier conditions. Further assessments of eventual
structural and composition changes of the needle material will be made in chapter 3.5.3 (NIR spectra).
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Figure 2. Litterfall at the forest monitoring plots Idar-Oberstein (¢) and Adenau (*), specified after the three
fractions (decreasing in mass): dead needles (above), twigs (centre) and unspecified rest (below).

Biometry of needles and length and defoliation of 1- and 3-year-old shoots

Besides the analytical results from the needles, we had additional information on the biometric properties of the
organs that were considered every year at the two forest monitoring sites. In these additional samples, needle and
shoot length were recorded in up to seven age classes. Here we mostly focus on the first-year and third-year
needles, which were also subjected to chemical, NIRS and isotopic analyses. Since we had no information on water
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contents of alive needles, we refer here to results from one-year old shoots that were sampled in the nearby Warndt
Forest (Saar) in the German environmental specimen banking (Umweltprobenbank, UPB). The database also
reports mean values for element concentrations in the formerly highly polluted region, which we will use as a
reference. While thousand needle mass (data not shown) did not change between 1985 and 2022, water contents
decreased during this time (R? 0.38). Latter finding confirms the effects of the above-mentioned stronger
atmospheric drought in recent years as compared to some decades ago.

Needles may adapt their shape, surface to volume ratios and surface characteristics. The adaptation of specific leaf
area (SLA) could be shown in the dead needles (see above) that were recovered in the litter. Accordingly, Hesse
et al. (2024) showed that in dry years spruce needles will become smaller and that the reduction in total leaf arca
will probably reduce the growth of a tree. Latter may be regarded as a strategy to cope with prolonged and repeated
stress. At the same time, the different mass and volume of needles may somewhat modify the accumulation of
elements. In dry years, one might observe concentration effects e.g. of Ca, while in moist years, a dilution of
elements (and accumulated pollutants) may occur.

When referring to the heat map on average needle length (see Table S1 supplementary), we can identify several
years (see diagonals and bold numbers), in which short or long needles/shoots were formed. The warm years, e.g.
2000, 2004, 2006, 2011 and 2014, all featured very compact needles, while precipitation, both expressed as annual
or seasonal sums, only showed a weak positive relationship to the needle and shoot length. This temperature effect
could best be seen in the year of the formation of needles/shoots and the size of the effect proved to differ between
sites. Strongest negative effects of annual mean temperatures, less so the seasonal GDD, were found on shoot
length at Idar-Oberstein (R? 0.45), while at Adenau needle length of the current year decreased by 0.22 cm per 1°
C (R? 0.26). With time, these initial effects were partially compensated for, but the conserved effect of warm years
on the length of organs can still be seen in the diagonal patterns in the color matrix.

Overall, needle length was comparable between the two sites (grand mean of 1.39 cm), but the mean length of
needles measured in a certain age class differed (see diagram S1 left, supplementary). In the study on foliar
chemistry, only first-year and third-year-old needles were used. While current or first-year needles were of the
same length (presumably size), the third-year needles were somewhat longer (larger) on average at the Idar-
Oberstein plot. At the same time, shoots were longer on average in each age class at the Adenau site. Trees at latter
site were 30 years older; in 2019 142 vs. 112 years at the Idar-Oberstein site. There may be a combination of age
and density related, edaphic and genetic reasons for the differences in needle length and shoot, but climate has
probably a larger imprint on these variables.

In our analysis, we used the needle and shoot length of the first and third age classes as a biometric variable. It
cannot be ruled out that differences in growth between sites and years will affect the uptake of air pollutants and
the demand for soil-borne nutrients. Contrasting acquisition of resources and the production of biomass may be
responsible for dilution or concentration of nutrients and absorbed pollutants. If in a certain year small needles or
shoots are formed these will hence stay small in the following years (see diagrams S1 left and centre), which will
then probably also affect the accumulation of airborne pollutants and the quality of the material in the following
seasons. Moreover, the needle loss each year will interact with the continuing ab- and adsorption of pollutants.
The increase in mean needle length of a specific year over the different measurements of the yearly samplings at
both sites does not necessarily mean that needles were getting longer year by year. It only reflects that the spectrum
of needles moves to longer needles, i.e. a loss of small (ineffective and damaged) needles and a prolonged survival
of the longer, probably more resilient needles.

Data on shoot defoliation gives further insight into the changes in vitality over time. More than 50% of the needles
were shed after four years (diagram S1 right), but needle loss (inverse of retention) did not differ much between
the sites. We also did not find clear effects of the climate of a single year on the defoliation. Still, it tended to be
lower in the moist years at the Idar-Oberstein site, whereas at the Adenau site, defoliation was generally slightly
higher. After seven years, over 90% of the needles had been shed at both locations. Needles sampled in the litterfall
mainly consist of material that was at least four years old. We have no indication whether needles that fell off each
year were more contaminated than the remaining needles. Nevertheless, heavy metal concentrations were much
higher in the dead as compared to the alive needles (refer to Fig. 3). Interestingly, needle loss of the 2 and 3-year-
old shoots became more pronounced after the dry years 2003 and 2004. Before, it was less than 10%, while later
it increased to over 25%, except in the year 2009. The premature and stronger loss of photosynthetic organs in one
season due to preceding dry years has been related to a reduced resource storage under drought stress. For the
region under study, this has also been confirmed for deciduous tree species and the conifers spruce and pine
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(Dietrich et al. 2026). Underlying mechanisms for smaller leaves and shoots and an increased defoliation in the
following season may be that more energy and assimilates are being used to reduce stress and that less nutrients
are taken up due to a largely reduced transpiration stream. Defoliation (the inverse of foliation) in the first- and
third-year needles will also be used to discuss the results of element concentrations, NIR spectra and stable
isotopes.

While we saw only slight differences between the sites, Frohlich (1969) suggested that variations in needle length
are determined individually and therefore do not overlap the differences between the localities of origin. The
absolute values, however, are greatly influenced by environmental conditions. As a rule, and as stated above,
shortened needles will develop in the growth period following a dry year. A grand mean of 1.5 cm was found in
the study of Frohlich (1969), surpassing the mean length of 1.39 cm in present study.

Interestingly, our analysis shows a slight positive relationship between needle loss and N concentrations (data
presented in chapter 3.4) of third-year needles. This may suggest that N is remobilized from dying organs to the
remaining needles to sustain their photosynthetic activity. In the growing buds, i.e. the youngest organs of Douglas
fir, most of the nitrogen comes from the soil as has been shown in the §'°N study by Qubain et al. (2021). Also,
Greve et al. (2016) addressed the remobilization of nutrients from older to younger needles and discussed
differences between different cations and anions. These relate to their solubility and transport mechanisms in the
xylem and phloem. While rare earth metals will be mobile to a certain extent within the tree, only small fractions
of heavy metals will translocate between needles, so that older needles will always have higher concentrations of
these elements (see below). One reason behind the continued accumulation of heavy metals is that these elements
will be bound firmly to sulthydryl groups (SH-) of membrane associated proteins.

Up to the 3™ needle class, we did not observe differences in defoliation between the sites (see Figure S1 right,
supplementary), but in the older shoots, relatively more needles were lost at the drier Adenau as compared to the
Idar-Oberstein site. This may also relate to slightly different resource efficiency in the two studied forest
ecosystems. Contrasting expectations, Frohlich (1969) found that on “good” sites needle longevity is shorter than
on “bad” sites, where resources must be dealt with efficiently.

Besides nitrogen, also C-acquisition may be impaired under drought conditions. In Picea engelmannii x glauca in
British Columbia, basal area increment (BAI) declined in dry years and over time (Wiley et al., 2018). Drought
also created “carbon stress” so that less starch and stronger discrimination of 3'*C could be recorded in the needles.
We will further discuss along these lines in chapters 3.5.2 and 3.5.3 to see whether there are indications of climate
signals on C contents, §'*C and NIR spectra.

Nitrogen, sulfur and lead concentrations determined in the original analyses

Following results and discussion are based on the original analyses the FAWF contracted each and every year
when litter and needle samples had been taken at the monitoring sites. The data represents the averages over up to
15 sub-samples that had been gathered from the trees. We only present here exemplary data on nitrogen (N), sulfur
(S) and lead (Pb), which are representative of the nutrition and pollution history of the sites. However, the original
data includes other nutrients (e.g. P, K, Mg) and various metals, which will be presented in the correlation analyses.

The chemistry of the litter and the alive needle samples from both sites showed marked differences between the
materials and sites and exhibited changes over time. As expected, C:N ratios of the woody branches (data not
shown), were higher than in the dead and alive needles and decreased between 1988 and 2016. We assume that
the increased N deposition in the 1990s (eutrophication and acidification) was an important driver of these changes,
but it cannot be ruled out that increasing tree age slightly interacted with these findings. In the beginning of the
study (1983) the stands were already 76 and 106 years old. However, the effects would show the opposite direction,
since in a larger dataset Greve et al. (2016) found a negative relationship between tree age and the N and S needle
concentrations. The higher availability of N and the widespread N-saturation of ecosystems not only create nutrient
imbalances in plants but may eventually lead to growth impairments and adjustments in nutrient acquisition. At
the same time, climatic factors may also explain part of the variation in growth and nutrient levels. As can be seen
in Fig. 3, N concentrations over time in twigs and needles show very similar courses and of ups and downs at both
sites suggesting the existence of a mesoclimatic component. However, N concentrations in twigs increased more
in the Idar-Oberstein compared to the Adenau samples, whereas at latter site N concentrations in the dead needles
increased more over time than in those from Idar-Oberstein. This may indicate that the remobilization of N from
dying needles was less efficient and probably not necessary in the more eutrophied site at Adenau and that this
effect became more pronounced over time.



Changes in the nutrient levels in twigs and needles have also been addressed experimentally with Pinus pinea by
Balekoglu et al. (2023). According to the authors, drought affects the acquisition and allocation of C (sugars,
starch) and N (proteins) to different plant organs. We will discuss this in greater detail in latter chapters when
analyzing the NIR spectra and isotopic ratios. We will then also present and discuss the C:N ratios in the dead and
alive needles.

Both the twigs and dead needles collected in the litterfall of each year, constitute of material, which was produced
in the years before. The samples can thus be regarded as an environmental archive, while the (fresh) alive needles
collected every year represent the actual ecophysiology. The increase in N levels of alive needles at both sites
contradicts the lowering of NOx levels (Fig. 1) but may e.g. be related to higher background levels of ammonia
(NH3) in the study regions. However, we only have data for the station Adenau and indeed, NH3 concentrations
slightly increased between 1998 and 2017 (https://fawf.wald.rlp.de/index.php?id=12482). In the final years of the
investigation, the total N deposition (2022) went down again partly due to the reduced interception of the canopy
and approached the UN-ECE critical load for conifer forests of 7 kg N ha! y'! (Fig. 1).
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Figure 3. Time series of the nutrients N (left) and S (centre) and the heavy metal Pb (right) in different materials
(from above to down: twigs and dead needles in litter, alive and green needles from the third and first year), which
were collected at Idar-Oberstein (o) and Adenau (e). Gray (®) dots: The data series refers to the S and Pb
concentrations in first-year spruce shoots, which were collected within the framework of the biannual National
Environmental Specimen Bank (UPB, www.umweltprobenbank.de, UBA) in the formerly heavily industrialized
Saar region. Green (®) dots: refer to Pb-concentrations in standardized grass cultures exposed in the Northern Eifel
by LANUV (Northrhine-Westfalia State Agency for Nature and Environment,
https://www.opengeodata.nrw.de/produkte/umwelt_klima/luftqualitaet/wirkungsdauermessprogramm/)

Generally, the altered N supply due to the deposition of nutrients and acids may have caused long lasting changes

in the quality and degradability of plant materials. Carbon incorporated in the litter and humus, may be released

much more rapidly in the form of gaseous emissions (CO, and CH4) or in the case of N, via N>O emissions or

DON in the runoff. At the same time, rising temperatures will increase the speed of the degradation of materials
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and thus add to the fluxes of C and N into the atmosphere. Likewise, the recent German forest inventory
(Bundeswaldinventur 2022, BMEL 2024) confirmed that carbon releases from forests are actually surpassing the
annual sequestration rates due to drought and pest related calamities and part of this comes from higher fluxes of
C from the pedosphere. Berg & Lonn (2022) have studied the effects of a different needle chemistry and
temperatures and rainfall on the decomposition rates of spruce and pine needles and found strong positive effects
of temperatures in the first stage, in which nutrients and starch are being released while in the second stage, where
also lignin is being degraded, precipitation proved to have a larger impact.

Interestingly, C:N of twigs from the plot in Idar-Oberstein was also slightly related to the ozone concentrations at
the nearby Leisel station (see Fig. 1), while temperature did not explain much of the variation of C:N at this plot
(data of needles presented in chapter 3.5.2). It has been shown in many studies that photooxidants and the formation
of reactive oxygen species (ROS) reduce the productivity of trees, create premature senescence and interact with
the secondary metabolism (e.g. lignin biosynthesis) of plants (Agathokleous et al. 2022; Cheesman et al. 2024).
At the same time, the “CO; fertilization effect” has been discussed to aggravate the nutritional status of forests
(Craine et al. 2018; Pefiuelas et al. 2020). The “progressive nutrient limitation” (PNL) or “oligotrophication” may
be due to the enhanced growth (dilution of nutrients) or due to the reduced uptake of nutrients associated with
stomatal closure under elevated concentrations of CO». Furthermore, increased soil drought may reduce nutrient
flows.

When comparing the observed needle nutrient levels to the threshold values for N (1.3%) and S (0.1%) for Norway
spruce (Picea abies) in Germany that have been given in Géttlein (2015), Talkner et al. (2019) and Wellbrock &
Bolte (2019), it may be suggested that S-concentrations of the alive needles have recently approached levels
indicating a slight deficiency. In Fig. 3, we have included data on S-needle concentrations from a site that was
once heavily affected by industrial emissions (coal burning and steel manufacturing in the Saar region). After the
introduction of clean air technologies and the shut-down of big polluters, the S-concentrations of alive needles
have meanwhile approached low levels at all sites. Interestingly, S-concentrations in the branches, which were
collected in the annual litter, still show the legacy of SO; pollution due to the high share of older material.

Likewise, the observed N levels are in the lower range of values that have been found in other German forests
despite the slight increments observed during the past decades. This is in line with the findings of Riek et al.
(2017), who identified elevated levels of the nutrient N in the BZE II plots from Rhineland-Palatinate. When
looking jointly at the nutrient N and S concentrations of old material collected in the litter and one-year and three-
year old fresh needles, we can observe the following. S and N concentrations in the twigs collected in the litter at
the plots showed an upward trend and a similar pattern (not for the S concentrations at Adenau). The decrease in
S at Adenau may reflect an earlier downward trend in regional S emissions, while the Idar-Oberstein plot was
probably still affected to some extent by emissions from the nearby Saar-Lorrainian industrial region (Fig. 3). As
stated above, the increasing trend over time at Idar-Oberstein suggests that the “flush” of eutrophication and
acidification from the 1990s is still being preserved in the old woody material. It may also be that despite the
decreasing deposition, “old” N and S were remobilized for several seasons from the branches and older needles to
the younger needles. At the same time, SO4-S- concentrations in soil water are still higher in Idar-Oberstein as
compared to Adenau (data not shown).

N and S-concentrations in the alive one-year and three-year old needles do not show a large variation between the
plots suggesting that site (edaphic) factors do not play a large role. The levelling off of S pollution can best be
demonstrated by the concentrations of the youngest needles, whereas the older material still conserved the higher
contamination levels.

Differences in the pollution history and the successful European air pollution control, e.g. the Lead-in Petrol Act
(2000), were probably best mirrored in the steep decline in concentrations of the non-essential heavy metal lead.
In the litter fractions twigs and old needles, the levels of Pb showed a marked decline at both sites (Fig. 3, right-
hand panel). Highest concentrations of over 60 ppm were observed in the early 2000s in the twig samples from
Idar-Oberstein. This may be related to the proximity to the Saar region, where until the early 2000s the steel
manufacturing industry and coal burning played a big role. High pollution levels in this region are also confirmed
by the environmental specimen banking performed in the Saar region (grey data series, Fig. 3). Pb-levels in spruce
shoots were much higher here than in alive needles from the two mountain sites, but after 2008 went down to
comparable levels.

The dead needles collected in the annual litterfall also featured elevated levels of Pb, which only after 2010
approached those of the fresh needle samples. While Pb levels of the three-year old needles were still slightly
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higher than those of the first year, Pb concentrations have declined to levels of lower than 1 ppm in the past decade.
An exception were the levels from the year 2011 at the Adenau site, but no explanation for the elevated values can
be given. Also grass culture biomonitors exposed in the Northern Eifel mountains by LANUYV featured elevated
levels in the years 2011 to 2013.

Since Pb is immobile and cannot be taken up in large quantities via the roots, Pb-accumulation in twigs and needles
have mainly occurred via the atmospheric route. Most of the Pb will have been deposited to forest canopies with
particulate matter (PM). The heavy metal containing dust particles will be primarily adsorbed to the plant surface.
Since twigs have a rough surface, more dust and dust-associated heavy metals may accumulate as compared to
conifer needles, where wash-off plays a bigger role.

Re-analyses of dead and alive needles

Since we were interested in other elements (Hg and selected REE), stable isotopes and the NIR spectra, which had
not been determined in the original analyses, we combined and mixed aliquots of the archived subsamples to have
composite samples for each year. In the re-analyses, we only focused on needles not on woody material. A total
of 167 samples were hence available consisting of milled needles from the litter and first and third-year needles.
While latter material stemmed from alive green organs, the needles from the litter were already dead at the time
they were collected. We assume that most of those needles were formed more than four years before the sampling
(compare Figure S1 supplementary). As has been shown above, the old dead needles had higher concentrations of
lead than the younger alive material because much of the material was formed when air pollution levels were still
higher. It may also be that the loss of water-soluble compounds, e.g. sugars and amino acids, from the
disintegrating needles have produced concentration effects of e.g. lignin or fiber-associated elements. Tree health
and the age of the litter play a role in the chemical release during degradation of leaf or needle material and heavy
metals and REE will preferentially be retained in the solid litter material (Montemagno et al., 2022). The structural
quality of dead needles (e.g C:N and ash) from the litter as compared to intact alive needles will be addressed later
in the NIRS section.

To test for the validity and representativity of our approach, we first re-analyzed the lead concentrations. There
was a high match between the old and new results (R? 0.9, data not shown) suggesting that storing the samples up
to 40 years under dry, cool and dark conditions had not altered the composition of the material with regard to
heavy metals. At the same time, good agreement between the data confirms that the mixing of composite samples
was effective.

From our analyses of isotopic signatures by IRMS, we were able to also derive N and C concentrations, which
could be compared to the original data obtained by FAWF. We assume that there were no errors in either the
original analyses (element analyzer) or the re-analyses (derived from IRMS analyses). While for N, we ended up
with a complete side-by-side comparison, in the case of the C-analyses, a fourth of the values had to be discarded
due to inaccurate recovery rates. We therefore also performed C and N elemental analysis seperately to get a better
insight into potential differences.

For N, the agreement between the original and the re-analyses, was much lower than for lead. Originally
determined N concentrations showed a low relationship to the data derived from IRMS (R? 0.37) and a slightly
stronger relationship to the data that were reanalyzed using CN elemental analysis (R? 0.58). Since about 2005, N
contents that were re-analyzed in the stored samples were often up to 0.5% lower than the N-concentrations that
were originally obtained by FAWF year by year. It may thus not be ruled out that the samples lost some nitrogen
over time. However, the older samples showed comparable values in both data sets.

While for C:N there was a good agreement (R? 0.67) between the old and new data sets, the C concentrations from
the original and re-analyzed data were only loosely related, but the re-analyses showed clearer differences between
the different needle types (alive 1 and 3 year needles and dead needles from the litter). Interestingly, the original
data indicated a general increase of C-content overtime (see Fig. 5), but the opposite was observed in the re-
analyses of stored samples. Again, we assume that both the original analyses and the re-analyses yielded exact and
correct results. However, the original analyses were performed every year and over the 40 years different labs and
equipment were involved. In general, the differences indicated a maximum loss of only 5% of the carbon overtime,
which may well be due to analytical imprecision. Since the samples were stored airtight in a dry, cool and dark
environment degradation and loss of volatile components will have been kept to a minimum. Nevertheless, the
somewhat downward trend in the re-analyzed values over time and the increasing difference between old and new
results could indicate that needles had a different chemistry in more recent years, e.g. more VOCs, as compared to
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earlier years and that in recent years the loss of C during storage was higher than in the earlier years. We refer the
reader to chapter 3.5.3 for further results and interpretations.

REE and mercury

The analyses of mercury and the REE cerium, lanthanum (data not shown) and neodymium confirmed downward
trends from the 1980s to the year 2020. Again, element concentrations were higher in the (dead) needles that were
collected in the litter than in alive first- and third-year needles. Over the past 40 years, concentrations of the REE
more than halved, whereas Hg levels did not change much over time. A much steeper gradient for the reduction in
Hg-concentrations was observed in one-year-old shoots in the industrial Saar region (Fig. 4, above, green data
series, data from the Umweltprobenbank).

Like the heavy metal lead, also the REE concentrations in spruce needles can best be related to particulate industrial
emissions and car exhaust. Despite Pb was used as an anti-knock agent up to the 1990s, Ce, La and Nd are still
being used in catalytic converters. With the increasing use of the elements e.g. in electric vehicles (EV) and wind
turbines, environmental levels of REE might be increasing in the future also in remote areas. Our investigation
into archived biological samples may thus be used as a benchmark for emerging pollution from certain REEs.
While our analyses suggest a downward trend for REE from 1983 to 2020, the deposition measurements performed
in Bavaria show significantly increased deposition of cerium and lanthanum in rural areas between 2014 and 2023
(LfU Bayern 2025). However, the deposition of REE in urban areas was twice as high as in rural areas, confirming
the presumed impact of EVs in metropolitan areas. Our conifer analyses compare well to the data from Gautam et
al. (2023), who reported REE concentrations in shed needles (litter) to be 0.163 ppm for La, 0.236 ppm for Ce and
0.096 ppm for Nd. However, these values refer to needle collections from 1978 performed in Southern Sweden, a
region with lower industrial emissions but higher geogenic contents of REE. Linear increases in REE
concentrations with needle age were previously shown by Wyttenbach et al. (1994) in spruce samples collected at
nine Swiss forest sites. Levels were not related to the geogenic background confirming the impact of their
deposition with particulate (transboundary) air pollutants. REE were most strongly related to Si.

In contrast to dust-associated heavy metals, mercury (Hg) primarily deposits to vegetation canopies as a gas (Hg?).
Latter fraction may be taken up into the needle via the stomata and may not be washed off again. Hg-
concentrations in needles have been shown to increase over time, so that old needles will generally present higher
concentrations than younger needles (e.g. Wohlgemuth et al. 2022; Franzaring et al. 2024). Provided using the
same age class of spruce needles, spatial monitoring can prove regional differences in Hg pollution and deposition.
One-year old needles were also studied in the dense Austrian spruce needle network, with concentrations ranging
from 0.005 to 0.66 ppm in the remote and urban areas, respectively (Fiirst 2007). These values are very much in
line with our findings from remote sites and those from the industrial Saar region.

As expected, we observed decreases of Hg levels over time, but the downward trend was not as pronounced as
those reductions in the air concentration and wet deposition data reported for the remote mountain stations
Schmiicke and Schauinsland by the Federal Environmental Agency (UBA, https://ebas-data.nilu.no). Also, in the
study of Zhang et al. (2025), there was a limited response of needle and litterfall Hg concentrations to the
decreasing deposition. Their study referred to a boreal forest ecosystem in Sweden and addressed the period from
1987 to the year 2000 only, whereas our study covered 20 years more. Reasons for discrepancies between emission
inventories and measured Hg concentrations in air, precipitation and biota are currently being discussed (e.g.
Feinberg et al. 2024) and it is not yet clear whether re-emission of deposited mercury to the atmosphere plays an
important role. Another uncertainty relates to the function of vegetation as a scavenger of gaseous compounds and
wet deposition throughfall.

It has been shown in a two-year pilot by Konig et al. (2024) in Germany and by Navratil et al. (2024) in a long-
term study (1994-2018) in the Czech Republic that Hg deposition with litterfall is of a much greater importance
than the wet deposition. While Konig et al. (2024) measured a range from 94 to 246 mg ha™! Hg per year that were
deposited with the litter at three forest plots in Germany, Zhang et al. (2025) came up with 112 mg ha™! annually
for a site in Northern Sweden. In the study of Navratil et al. (2024) in Czechia, much more Hg was deposited with
the litterfall, namely 510 mg per hectare.
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Figure 4. Levels of mercury, cerium and neodymium in spruce needles from the litter (®), third-year- needles (®)
and first-year needles (o) from the two monitoring sites. (®) represents the results of Hg concentrations in one-
year old shoots collected in the industrialized Saar region (Data from the Umweltprobenbank). Trendline (dashed)
represents the linear downward trend calculated from the needles collected in the litter. Note: Hg-concentrations
of one-year old needles were all below 0.02 ppm and are not shown in the graph.

When multiplying the Hg concentration with the annual litterfall in present study, we come up with a range of 94
in the year 2021 to 392 mg ha! (1989) of mercury that deposited with the yearly needle fall. The number would
be somewhat higher if we knew the concentrations of Hg in the other litter constituents, i.e. twigs and cones.

An assessment of Hg concentrations for different litter components has been presented by Navratil et al. (2019)
for the time series 2003 to 2017 at two Czech mountain sites. Needles contributed with 46%, being followed by
twigs (22%), cones (9 %), other material (8%), bark (5%), and lichen (2%). In the study of Zhang et al. (2025)
needles made up a comparable 44% of the Hg-deposition. Also, in present study, litterfall consisted of about 50%
out of needles.

The critical load for the protection of ecosystems from mercury is set at 1 g per hectare and year (UBA 2024) and
does not consider the deposition of the element that is previously absorbed by plant surfaces. It would probably be
exceeded if we considered needles and the other litter components as well as the wet and dry gaseous and
particulate atmospheric deposition that will deposit directly. In a two-year study in Switzerland by Huang et al.
(2023), non-needle litterfall (also the attached epiphytic liches) accounted for 86% of the total Hg litterfall, so
indeed we would end up with much higher Hg deposition if we had the information on other components. To the
end, 7 g per hectare of Hg alone were scavenged with the yearly needle fall in Idar-Oberstein in the years 1987 to
2021 and 4.5 g of Hg were accumulated between 1996 and 2018 at the Adenau site. Most of the deposited Hg will
remain associated with organic matter in the topsoil layer and will not be mobile within the water cycle.

In order to characterize the potential changes in emissions and sources over time, Navratil et al. (2024) addressed
the Hg:S, Hg:N and Hg:C ratios (mg/mg) in the different materials collected in the litter. In the needles, they found
values of 167, 9.3 and 0.2, respectively, for the three ratios. At the Idar-Oberstein site, which has a slightly higher
mercury pollution than the Adenau site, we found the mean Hg:S, Hg:N and Hg:C ratios to be 87.6, 6.8 and 0,14,
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respectively, while at Adenau the values were 79.8, 5.6 and 0.14. The ratios were very similar in 1-year and 3-year
needles from both sites but were higher in 3-year as compared to 1-year needles (data not shown). In contrast to
Navrétil et al. (2024), temporal changes at both sites were absent for the Hg:S ratios, suggesting that the regional
pollution patterns and potential local sources had not changed much. S and Hg concentrations in the earlier years
of monitoring should have been interlinked due to the common pollution sources (coal burning, steel
manufacturing), but there are also biological reasons for the association of these elements, namely the binding of
the metal to SH-groups. While shifts in Hg:S ratios were not important, we found decreasing Hg:N ratios over
time at the Adenau site, which points to the rising importance of atmospheric N pollution.

Stable isotopes

Analyses of stable isotopes can give wealthy insights into the responses of plants to changes in the nitrogen (NUE)
and water use efficiency (WUE). While "N has often been used as a tracer in agronomic fertilization studies,
changes in the “natural” abundance of the heavier isotope over time have rarely been addressed in environmental
and forest monitoring programs. Also, the §'3C-signatures of leaves and needles are not being studied on a regular
basis, although they might serve as a proxy for water supply and drought stress and thus indicate the effects of
climate change over time.

Our investigation using archived needle materials from a forest monitoring program is probably the first, in which
multi-decadal changes of stable isotopes in leaf organs were performed. Comparable studies, however, have relied
on tree rings as an environmental archive (e.g. Treydte et al. 2001; PiSova et al. 2008; Schifer et al. 2017; Wieloch
et al. 2018; Bassett et al. 2023 and Llanos-Campana et al. 2025)

13C

13C analyses reflect the balance between the demand and the supply of CO; to the photosynthetic organs and also
mirror the loss of water due to transpiration. Photosynthetic discrimination of the heavier '3C isotope relative to
the atmospheric CO, is influenced by stomatal conductance and the enzymatic carboxylation, while post-
photosynthetic discrimination is due to the metabolic fractionation inside the leaves, the transport of assimilates
out of the leaves to growing tissues and a further fractionation due to respiration, i.e. loss of lighter '>CO, (Cernusak
et al. 2013). While leaf analyses incorporate photosynthetic discrimination mainly, glucose, cellulose and lignin-
based measurements from dated tree rings also address the post-photosynthetic discrimination. This has to be
recognized when comparing leaf/needle and tree-ring '*C data. We must also consider that the needles from our
study were alive one or three-year-old organs and the needles collected with the litter were dead organs that were
made up from up to seven age classes.

To analyze in greater detail the 6'*C data, we had to first consider the “Suess” effect, i.e. the decrease of the ratio
of 13C to 2C in the atmosphere due to the release of carbon from fossil fuels. We took the data from the Scripps
CO; Program (https://scrippsco2.ucsd.edu) that integrates air measurements from Mauna Loa (Hawaii) and the
Antarctic South Pole. Detrending was done by subtracting the annual average for atmospheric 6'*C (source) from
the values we obtained from the spruce needle material (product) to isolate climate and pollution signals. These
were hence regarded as A*C values.

Figure 5 (upper row) compares the isotopic discrimination of dead needles and the alive one and three-year old
needles that were collected every year. While signatures in the dead needles showed a clear continuing trend
towards further discrimination at both sites (R? 0.92 for Adenau and R? 0.75 for Idar-Oberstein), a larger scatter
of data between years and lower coefficients of determination for the linear increase were observed in the alive
needles. The larger year-by-year variation and similar patterns of A'3C at the sites and in the one and three-year-
old needles indicates that climate had some effect on the gas exchange (discrimination) of trees. The smoother
increment in discrimination over time in the dead needles derives from the mixing of different age classes that
leads to a blurring of the signature. The climate and air pollution trends were thus better conserved in the dead
needles, which integrate the responses of several years.

Generally, the alive needles at the warmer Adenau site discriminated '*C more strongly (more negative A'3C) than
those at the cooler Idar-Oberstein although the C concentrations of alive and dead needles were very similar at the
two sites (Fig. 5, row 5). This may be due to the warmer and drier conditions and presumably more pronounced
stress (higher VPD) than in Idar-Oberstein. Interestingly, the dead needles showed the contrary, i.e. higher
discrimination at the latter site, and also featured higher discrimination than the alive needles. A reason may be
that relatively more of the lighter '2C was remobilized from the old and dying needles to younger organs, trapping
more of the heavier isotope in structural carbohydrates and lignin. An explanation for differences between the sites
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may be that at Idar-Oberstein needles became older and thus could discriminate longer, while at Adenau needles
shed before carbon and nitrogen could be translocated to the younger leaves. Also, the different partitioning
between alive needles in the crown and dead needles from the shade may lead to changes in isotopic signatures.
Indeed, the defoliation data (see above) point into this direction (needle longevity) and also N levels remained
higher in the dead needles from Adenau (Figure 5, row 4), while in the alive needles N concentrations were very
similar. After the year 2015, however, A'*C in the dead needles was very comparable, suggesting similar growth
and stress conditions at both sites.

Correlation analyses (see Supplementary S 2) confirmed several associations between A'*C (discrimination) and
climatic/air quality parameters, N deposition, needle and shoot length and nutrient concentrations. These were
generally more pronounced at the drier Adenau site than at Idar-Oberstein and were more evident in the dead and
three year-old needles than in the youngest needles. Latter finding indicates that it may not be single years that
evoke a series of stress cascades, but rather the sequence of several unfavorable years. While we can assume that
the mentioned associations point to a reduced fitness of spruce trees, we cannot disentangle single factors
responsible for changes in isotopic signatures. During the last decades, both air quality and climate changed and
jointly altered the growth conditions and nutrient acquisition of spruce.

When comparing our results to '3C analyses of one-year old shoots of spruce from the Umweltprobenbank (Figure
5), we can observe that signatures were in the same range at a northern German site (Belau Lakes) but largely
differed from a site in the Bavarian Alps (Wimbachtal). Needles at latter site discriminated much less against the
heavier isotope probably due to more humid atmospheric conditions and a shorter vegetation period at higher
altitudes. Unfortunately, data from the environmental specimen bank only contains a few sites and is based on
biannual analyses starting after 1998 only. Nevertheless, the comparison between needles and shoots may be
regarded as well suited, since Gebauer & Schulze (1991) found a very high agreement between these organs.
Interestingly, latter authors found larger variations in 3'°C between different crown positions as compared to
different age-classes and at the same time, '*C was discriminated more at a polluted site. It is thus advisable to
always use the same tree cohorts and crown positions for forest monitoring, and this was the case in present
monitoring programme.

Since we did not find other long term data series on C-isotopes in conifer needles from specified sites, we refer
here also to investigations of § 1*C in dendrochronological studies, in which the wood of tree rings or the cellulose
therein was considered. Compared to present data, such studies often consist of longer time-series (>100 years)
and hint to the existence of “pointer years”, which provide evidence of certain historical climatic extremes. Treydte
et al. (2002) and PiSova et al. (2008) presented data from the 20" century and showed a stronger discrimination of
the heavier isotope after the 1980s. They suggested that air pollution and associated changes in soil chemistry were
responsible for these changes in growth and isotopic responses. Potential climate change signals were not yet
evident and discussed at those times. As has been shown by Schifer et al. (2017), Wiley et al. (2018) and
Vadeboncoeur et al. (2020), the stand characteristics (mono-specific or mixed) as well as the moisture regime, tree
height and canopy position can largely affect the results, so that many trees must be sampled to average out these
effects. In the same study region like ours (Eifel mountains), Thomas et al. (2018) sampled spruce tree cores along
a soil moisture gradient. A*C did not vary much between gleysols and cambisols and like in present study isotopic
discrimination increased after 1980.

We suggest that collecting needles or leaves is probably much easier to yield more representative and well dated
samples than taking tree cores because photosynthetically active organs give a much better account on the seasonal
ecophysiological responses to climate and nutrition. Nevertheless, 8 '3C signatures will remain difficult to interpret
even when long and complete data series are available. Besides climatic and edaphic factors also the rising levels
of atmospheric CO; (1980: 330 ppm vs. 414 ppm in 2020) will have had effects on the growth, morphology,
stomata density and intrinsic water use efficiencies of spruce confounding the isotopic fractionation (refer to the
considerations in Wieser et al. 2016).

ISN

Several studies have shown that over time, tree rings in Northern temperate forests have become depleted in '°N
during the last decades. The underlying reason is the widespread impact and transport of regional nitrogen oxide
emissions, that derive from the combustion of fossil fuels. While “thermal NOx” has the same isotopic signature
than air, the formation of “fuel NOx” during the combustion leads to highly negative 8'N. The dry/wet and
gaseous/particulate deposition of these emissions will lead to more negative signatures in the upper soil horizon,
while the gaseous releases of the lighter N (N>O, NOx) and its preferential uptake by plant roots will furthermore
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decrease these values. Increased discrimination of §'°N over a century has been shown in Czech forests by Oulehle
et al. (2022) and over seven decades in Swedish spruce and pine trees the same effect was observed by Bassett et
al. (2023). In both studies, emissions from the traffic and industry as well as the speeding up of N cycles in a
warmer world have been made responsible for stronger discrimination of the heavier '*N. Nitrification will also
favor the lighter isotope, while the heavier isotope may eventually drain into deeper soil layers or ground waters.

Our results (Figure 5, second row) confirm these findings and represent the first study that made use of needle
samples from an environmental archive. Needles from both sites and from three age classes, i.e. alive 1 and 3-
year-old needles and dead needles that were shed annually, all featured increased depletion of '*N (more negative
3!5N) over time. However, we observed differences between the two sites and the three age classes. In line with
the higher N-deposition at Adenau as compared to Idar-Oberstein (see Figure 1) and a presumably higher input of
15N depleted nitrogen, a stronger discrimination of the heavier isotope was found in the dead needles at the former
site. Interestingly, the trend of increasing discrimination at the Adenau site was reverted after the year 2008,
suggesting that during this depression relatively more '°N was taken up by the trees after a sequence of drier years
after the extremely dry year 2003 and a generally decreasing N-deposition. It may well be that following the
extreme year 2003 fine roots had to explore deeper soil horizons to access water and that this indirectly favored
the uptake of nitrate and ammonium that was less depleted in 'N. Vertical gradients of & '’N, namely less
discrimination i.e. relatively more '°N in deeper soil layers and marked differences during the decomposition have
been shown in various studies (Sah et al. 2008, Craine et al. 2015, Gautam et al. 2024 and Hogberg et al. 2024),
but we do not have further information on the N cycling and vertical distribution of §'°N at the studied sites. In the
years from 2009 to 2016, 8'°N signatures were comparable at the two sites, while in the final years of the
observation, '*N discrimination in dead needles was again higher at the Adenau site.

In contrast to the dead needles that were collected each year and that consisted of material from up to seven years,
the alive one- and three-year old needles showed stronger inter-annual variation in 3'°N, especially at the drier and
probably N-saturated Adenau site. The higher fluctuation as compared to the blurring/smoothing of data in needles
from the litter most probably derives from distinct ecophysiological responses of the trees over time. Compared to
data from the Umweltprobenbank, §'°N of one year old spruce shoots from Belau Lakes were in the same range
than our results (see Figure 5), while in the Bavarian Alps (Wimbach), a much stronger discrimination was found,
probably due to lower N mineralization and N deposition rates.

To explain these fluctuations, we related 8'°N in one- and three-year-old needles to the climatic parameters mean
annual temperature (MAT), precipitation sum, VPD and growing degree days (GDD). While climatic data from
the Adenau site could only explain a maximum of 20% of the variation, for the cooler Idar-Oberstein site a stronger
association between seasonal GDD and 8'’N (R? 0.42 for one-year and 0.38 for three-year old needles) could be
observed. However, the stronger discrimination of >N at the cooler and moister alpine site Wimbach indicates the
opposite and the extensive data collection from Caldararu et al. (2022) generally points to more discrimination at
lower temperatures and higher precipitation. One must however note that the effects of N deposition cannot be
separated from the climatic component in the N acquisition process.

Despite the differences in '°N and A'*C observed between the two forest plots, the concentrations of C, N and
C:N (Figure 5) followed the same temporal patterns in the dead and alive one- and three-year old needles,
confirming that overall, the N-assimilation over the years followed similar patterns. Since climatic factors
explained less than 30% of the variation of the overall increasing carbon and nitrogen contents, we may assume
that the carbon dioxide fertilization effect, i.e. the increasing concentrations of atmospheric CO; and changes in
the N deposition could have been overall drivers for the C and N acquisition and isotopic discrimination during
the past four decades. The stronger increase in N-concentrations at the Adenau site after the year 2000 (Figures 3
and 5, fourth row) in the dead material, may on the one hand be indicative for the N saturation caused by the
prolonged N-deposition, but the N-concentrations of alive needles do not reflect these changes anymore. It could
thus well be that after ca. the year 2000 the needles shed at the Adenau site indeed retained more N than those at
Idar-Oberstein (see above). This may have been caused by either an ineffective and incomplete internal
remobilization of N from older, senescent to younger needles or/and a higher share of younger needles to the total
mass of needles shed every year (see above).

Unfortunately, we do not have further information on edaphic and soil nutrition factors that may interact with or
even overrun the observed effects, but as can be seen in Figure 5 (last row), the availability of nutrients e.g.
magnesium differs between the sites and is much higher at the Adenau site.

17



5"°N (%) A”C (%)

C:N

N%

C%

Mg (mg kg ")

-21

-18 -19 -20

17

20 30 40 50 60

1.5 20

1.0

46 48 50 52 54 0.0 05

1200

400 800

0

|dar-Oberstein

MW o

Dead needles in litter

1990 2000 2010 2020
2, 20t
T T T T
1990 2000 2010 2020
T T T T
1990 2000 2010 2020

1990 2000 2010 2020

1990 2000 2010 2020

T T T T
1990 2000 2010 2020

5'°N (%o) A"3C (%)

C:N

N%

C%

Mg (mg kg )

-18 -19 -20 -21

-17

6

20 30 40 50 60 -2

1.5 2.0

1.0

46 48 50 52 54 0.0 05

1200

800

\//‘J.I)I/WA

Alive needles, 3rd year

1990 2000 2010 2020
_ /M..."VA
T T T T
1990 2000 2010 2020
u ) \/*.:
i RV AUV
"R-'\v \j\_'/'
- T T T T
1990 2000 2010 2020

,u/ ,.\\r"\-..” ol

T I T T
1990 2000 2010 2020

] Vi N "

T T T T
1990 2000 2010 2020

g o g

T T T T
1990 2000 2010 2020

A"C (%)

5'°N (%)

CN

N%

C%

Mg (mg kg™

-18 -19 20 -21

-17

20 30 40 50 60

15 20

1.0

46 48 50 52 54 00 05

1200

400 800

0

Alive needles, 1st year

Belau e
o .
r\v/’j‘
| Wimbache o= .,
i .
T T T T
1990 2000 2010 2020
Wimbach® , e o » °T .
-
Belau® * | o, g_:.l:
| /.-’"'“’ e
T T T T
1990 2000 2010 2020

A
i V4 YA, o

T T T T
1990 2000 2010 2020

-

A
\/ A ,u‘h\r"" \"N"”\

T T T T
1990 2000 2010 2020

i ._‘I‘M.'\,J
P - §
._\_/\ v

T T I I
1990 2000 2010 2020

_Vkﬁ/‘*/\}"m :VJ\,\

T T T T
1990 2000 2010 2020

Figure 5. A'3C, 8'°N, C:N, concentrations of nitrogen, carbon and magnesium (from top to bottom) determined in
the dead (left) and alive three (centre) and one-year-old (right) needles from Idar-Oberstein (@) and Adenau (o).
(®) denotes results from one-year-old spruce shoots from Northern Germany and (e) from the Bavarian Alps
(downloaded from www.umweltprobenbank.de).

As mentioned above, N and S-concentrations in needles from present study are relatively low despite the still high
N deposition values for nitrogen. Since N and S are both important elements in amino acids, the reduced deposition
and availability of sulfur can overall mean that N concentrations will not further increase. Also, the lack of the
other essential elements P, Mg and and K will have effects on the N nutrition. It will thus take longer to revert N-
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saturation and acidification of forest ecosystems. Lower nitrogen and nutrient levels, a decline in 8'°N signatures
under increasing levels of CO, over time have been suggested to be indicators of a global progressive nitrogen
limitation (PNL, Luo et al. 2004). Indeed, nutrient impoverishment in forests and an “oligotrophication” in
unfertilized terrestrial ecosystems have been claimed by several authors (Craine et al. 2018, Pefiuelas et al. 2020,
Bassett et al., 2026). While in Central Europe the more extreme climatic conditions and beetle infestations will
furthermore decrease the annual growth and demand for nutrients of spruce, the increasingly longer vegetation
periods and enhanced nutrient cycling in Northern Europe may create a different future.

Using measured N data from the literature and N concentrations in tree leaves from a large European database,
Caldararu et al. (2022) failed to capture ongoing nitrogen limitation in a land surface model. The authors stated
that an “ideal data set for assessing changes in ecosystem N limitation in time would be a consistent time series
of observations at the same sites, including measurements of soil and leaf 6'°N following a common protocol,
similar to the kind of information available from the ICP Forests database.” In combination with long term data
on soil PN, stored leaf or needle samples from forest monitoring programs like ours could be a valuable source
for deepening such investigations.

NIR spectra

In the final step of our exercise, we recorded the NIR spectra of all ground samples and arranged them after the
two sites and the three needle ages. Here, we aimed to first address the overall biochemical similarity, i.e. material
quality, among the samples. Besides the potential differences between geographical origins (edaphic and
microclimatic site effects) and photosynthetically active vs. dead needles, we were also interested in changes of
the spectral outputs over time. However, we could not clarify whether these were driven by the environmental
conditions the intact needles experienced in the forest or whether the ageing of the ground samples in the storage
systematically altered the material over time. As stated above, the samples were stored in dry, dark, cool and
airtight conditions, so that over the years the chemistry and structure of the powder should not have changed much.
But in the case of C, repeated analyses showed marked differences between the old results and the re-analyses (see
above). Another flaw might be that the samples were ground unevenly. Some of the samples contained larger
particles. The uneven grinding might be the reason why the samples differ in CV as described in Materials and
Methods.

When looking at the needle spectra (Figure 6), we could visualize differences between alive and dead needles at
both sites on the one hand and a general shift of spectra over time on the other. It appeared that in the last
approximately ten years absorbance was higher in the wavelength bands >1900 nm, while in the alive needles, it
was lower in the third overtone range in samples collected after 2010. Overall, the difference between different
needle types and years were much bigger than the differences between the sites, although at Idar-Oberstein alive
needles showed much bigger variability of absorbance than at the warmer Adenau site, especially in the third
overtone region.

In a similar study with different conifer species along an altitudinal gradient, Richardson et al. (2004) found larger
differences between species and crown positions than between elevations. Also, Espinoza et al. (2012) made use
of dry ground needle powders of various conifers to differentiate true species from hybrids. The authors confirm
that the method delivers robust results and that using dry ground samples yields more accurate results than leaf
scans from intact alive samples. However, the mentioned studies did not use additional parameters derived from
wet chemistry and genetical analyses to verify the results. In another relevant study, Champagne et al. (2020) tried
to predict the terpene concentrations of five conifer species using NIRS. Model predictions were better for those
phytochemicals that were present at higher concentrations and likewise macronutrients will be easier to predict
than micronutrients. To further investigate the suitability of NIRS to describe the material quality of spruce needles
we will use a large data set with chemical reference data, which we can link to the recorded spectra by partial least
squares regression (PLSR) and machine learning studies. First calibrations for selected constituents are presented
below, while the full analysis will follow in a separate paper.

Among the compositional parameters, the organic and structural constituents were the most accessible to NIR
(Table 1). Total ash was the best-predicted constituent (R?=0.39), followed by the carbon/nitrogen ratio, nitrogen
and carbon. Carbon and nitrogen are bound in the C—H and N—H groups that give rise to NIR absorption, whereas
ash is inorganic and is most likely captured indirectly through its co-variation with the organic needle matrix. The
macronutrient calcium reached a comparable level, and magnesium and sulfur were likewise predicted with modest
but statistically significant skill (R?~0.19-0.21; not shown). Predicted-versus-measured plots for the two best-
determined nutrient parameters, total ash and nitrogen, are given in Fig. 7.
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Figure 6. Near infrared (NIR) spectra (absorbance, A, along wavelength) of ground needles of spruce (Picea abies
L.) collected between 1983 and 2021 at the monitoring sites Adenau (left) and Idar-Oberstein (right). Each
spectrum represents a sampling year (color palette) and data are arranged after alive 1-year (top) and 3-year-old
(centre) and dead (shed) needles, that were collected in the litter (bottom). The upper left diagram includes a
representation of prominent “overtones” representing regions where certain chemical bonds are excited.

Table 1. Preliminary PLS calibrations for selected, chemically interpretable needle properties, evaluated by
grouped cross-validation over site-to-year collections. All figures of merit are unit-free, so the rows are directly
comparable. R? is the cross-validated coefficient of determination, RPD and RPIQ are the ratios of the reference
standard deviation and interquartile range to the prediction error. The Region, Preprocessing and LV (number of
PLS latent variables) columns report the modal configuration and describe the typical model rather than one fitted
value. All models were significant at p<0.01 (label-permutation test).

Property R? RPD RPIQ Region Preprocessing LV
Total ash 0.39 128 246  Full spectrum SNV 4
C:N ratio 0.24 1.15 1.60  Organic core MSC 10
Nitrogen 0.19 1.11 1.60  Full spectrum MSC 8
Carbon 0.17 1.10 1.66  Full spectrum SNV + 1%t deriv. 2
Calcium 023 1.14 1.62 O-H/N-Hcomb. SNV 7
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Figure 7. Cross-validated predicted versus measured values for two nutrient parameters central to the study: (a)
total ash content and (b) nitrogen. Points are pooled out-of-fold predictions from the nested cross-validation
(grouped by site-year collection); the dashed line is the 1:1 relation.

To see which parts of the spectrum carry the compositional information, the Pearson correlation between each
(SNV-preprocessed) wavelength and the reference value was computed for every constituent, with the low-signal
channels at the two ends of the recorded range excluded. For total ash and nitrogen for example (Fig. 8) the
correlation is modest at any single wavelength (peak |r|~0.4) and spread across broad regions rather than
concentrated in one sharp band. This is consistent with the screening-level accuracy of the calibrations and
demonstrates the need for a multivariate model that pools many weakly informative channels. Nitrogen correlates
most strongly in the C—H overtone region near 1110 nm and total ash in the short-wavelength region near 810 nm.
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Figure 8. Per-wavelength Pearson correlation of the SNV-preprocessed spectra with the reference values of total
ash and nitrogen. Low-signal channels at the extreme ends of the recorded range are excluded; dotted lines mark
[r|=0.3.

Extended to all measured constituents (Fig. 9), the correlations concentrate on the same few organic absorption
regions, namely the C—H second-overtone region (~1105—-1205 nm), the O-H/N—H first-overtone region (~1361—
1429 nm) and the O—H combination region (~1835-1961 nm) rather than on constituent-specific features. This
indicates that NIR accesses these constituents largely through their co-variation with the organic needle matrix
that dominates the spectrum. The correlation spectra are univariate and hence only indicative. Because the PLS
models combine wavelengths, a channel with a low individual correlation may still contribute in combination.
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Figure 9. Per-wavelength correlation spectra for all measured constituents (SNV-preprocessed, edge channels
excluded, shared axes); each panel gives the peak absolute correlation. The correlations concentrate on the organic
C-H, O-H and N-H bands common to all constituents rather than on element-specific features. The peak
correlation is an indicative guide to how strongly a constituent is expressed in the spectra.

Sampling year is the most strongly expressed of the three (peak [r|=0.63), and its correlation lies outside the non-
significant band over almost the entire spectrum. Consistently, sampling year could itself be predicted by PLSR
with R?=0.70 under the grouped cross-validation. It is positive throughout the combination and first-overtone
regions above about 1430 nm, with its sharpest maximum near 1920 nm at the O—H combination band of water,
and negative in the region that includes the C—H second overtone (~1100—1350 nm). This agrees with the higher
absorbance above 1900 nm in recently collected needles visible in Fig. 6. Senescent needles differ clearly from
both live classes (peak [r|=0.49 against current-year and 0.37 against three-year-old needles), with lower relative
absorbance above about 1350 nm and higher relative absorbance below about 1110 nm. The contrast between the
two live classes follows the same pattern but remains weak (|Jr[<0.23) and leaves the non-significant band only in
a few narrow regions, in agreement with the differences between live and dead needles visible in Fig. 6. Needle
age class was recognized by PLS discriminant analysis with a balanced accuracy of 0.70, well above the majority-
class baseline of 0.34. Site, by contrast, leaves no detectable univariate trace, as its correlation stays inside the non-
significant band over the whole spectrum (|r|<0.14). This matches the discriminant analysis, which separated the
two sites only slightly better than the majority-class baseline (balanced accuracy 0.63 against 0.56). The correlation
spectra thus confirm quantitatively that the spectra differ far more between needle types and sampling years than
between the two sites.

The year and age curves change sign across the spectrum and are nearly flat within broad regions. They therefore
reflect a change in the overall shape of the normalized spectrum rather than isolated absorption bands, in the same
way as the constituent correlations. The age contrasts run opposite in sign to the year curve, so needles from early
collection years deviate from recent ones in the same spectral direction in which senescent needles deviate from
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live ones. Since the three age classes span the same range of years, this resemblance is not an artefact of an uneven
age composition over time. It is consistent with the storage effect discussed above, although it does not prove it.
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Figure 10. Per-wavelength Pearson correlation of the SNV-preprocessed spectra with the collection metadata.
Sampling year is used directly. Site and needle age are expressed as two-class contrasts (point-biserial correlation),
with needle age split into its three pairwise comparisons. A positive value means higher absorbance in the first-
named class or in more recent samples. The shaded band marks |r| values that are not significant at p=0.05 for the
smallest sample set shown; low-signal channels at the extreme ends of the recorded range are excluded.

Compared to other NIRS studies on plant materials, the predictive value of spectral information for chemical
constituents of the dried leaves was rather low, probably due to the ageing of the material, being it alive one- or
three-years old needles or shed needle mass that was collected every year from the two forest stands under study.
In an investigation of herbarium samples using scans of the whole leaves, Kiihn et al. (2024) found that storage
duration and standard conservation treatments do not significantly alter the NIR spectral data of the same
herbarium collections of three species. However, their samples were stored only for three years while ours were
kept under presumably inert conditions for up to 40 years. Still, Lee et al. (2026) suggest that PLSR models trained
on younger specimens can give robust estimates of leaf functinal and chemical traits from older specimens. In a
deeper analysis, we will address in greater detail the differences in spectra between needle age classes, forest sites,
sampling years as well as the potentially overriding effects of samples ageing.

Conclusion

Leaf samples from environmental archives are a useful source for retrospective analyses of inorganic elements like
heavy metals and rare earth elements but for organic compounds, the aging of the material may create problems.
We found that changes in air quality, eutrophication and acidification all could be discerned in the samples and
that these drivers and the changes in climate jointly altered the growth conditions, isotopic discrimination and
nutrient acquisition of spruce, which complicates the interpretation of monitoring results.

NIR spectra of the archived spruce needles carry systematic information on needle age, sampling year and the
composition of the needles. Under a validation that held out entire site-year collections, total ash, the C:N ratio,
nitrogen, carbon and calcium were predicted with modest but statistically significant skill (R between 0.17 and
0.39), and needle age class was recognised with a balanced accuracy of 0.70 against a majority-class baseline of
0.34. The prediction errors remain large compared with the spread of the reference values (RPD between 1.10 and
1.28), so the calibrations are of screening-level accuracy. The correlation spectra show that the compositional
information lies in broad organic absorption regions shared by all constituents, so NIR accesses the constituents
largely through their co-variation with the organic needle matrix. The two sites could only barely be distinguished
in the spectra. Sampling year, in contrast, was predicted considerably better (R>=0.70), and needles from early
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collection years deviate from recent ones in the same spectral direction as senescent needles deviate from live
ones. With the present data, a genuine long-term change in needle composition cannot be separated from ageing
of the stored material, so the temporal signal has to be interpreted with caution. A full analysis of all measured
parameters will follow in a separate paper.
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Supplementary

Table S1: Heat maps for measurements of needle/shoot lengths and foliation assessments of up to seven age
classes of selected main shoots.
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S1 Supplementary Diagrams
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S1 Mean needle length (left), shoot length (centre) and degree of needle retention (right) after age classes at the
two monitoring sites at Idar-Oberstein (@) and Adenau (®). Error bars indicate the standard deviation.
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S2 Supplementary
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S2. Correlation matrices for the variables that had been addressed in present study for the alive one-year-old (upper
left), three-year old needles (upper right) and dead needles that were collected in the litter (lower left). Apart from
the chemistry and isotopic data, climatic and biometric data were included in the analyses not separating after the
two sites. Note: colors from orange to purple represent correlation coefficients from -1 to +1 (highly positive
correlations) and not the sites.
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