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Abstract We investigated the mercury (Hg) concen-
tration of the full range of needle age classes (NACs) 
in two conifers, nine NACs in Picea abies and four-
teen in Abies pinsapo var. marocana, as well as three 
leaf age classes (LACs) in two broadleaved evergreen 
species, Trochodendron aralioides and Rhododen-
dron catawbiense. Additionally, the Hg concentration 
of the wooden branch segments to which the NACs 
were attached in the two conifers was studied. Picea 
abies showed a continued Hg accumulation over all 
NACs, but with an age-dependent decline in the accu-
mulation rate. In Abies pinsapo var. marocana, maxi-
mum needle concentrations of Hg were reached after 

eight years. The concentration remained constant for 
NACs 9–14, indicating that needles had become satu-
rated with Hg. The Hg concentrations of the branch 
segments were much lower than those of the needles 
in the older NACs. Over the three LACs of Trocho-
dendron aralioides and Rhododendron catawbiense 
there was a steady increase in concentration with a 
weak indication of a declining Hg uptake rate in older 
leaves. The average needle/leaf lifetime Hg uptake 
rate per year was only half that of broadleaved spe-
cies across all NACs and LACs. We conclude that in 
conifers maintaining a larger number of NACs there 
is a decline of the Hg accumulation rate in older 
NACs. In future biogeochemical research (empirical 
and modelling) and biomonitoring studies, the age 
of sampled leaves needs to be considered to account 
for the age dependence of leaf Hg concentration and 
accumulation rate.
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1 Introduction

Mercury (Hg) is a highly problematic neurotoxic 
metal (UN Environment, 2019) with large-scale, sub-
stantial atmospheric transport (Gworek et al., 2017). 
Uptake by plants is of critical importance for the bio-
geochemical cycling of Hg (Obrist et  al., 2018). In 
forest ecosystems, 60–90% of Hg has been estimated 
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to originate from vegetation uptake (Zhou et  al., 
2021). Mostly this takes place in the form of gaseous 
elemental Hg  (Hg0) uptake through stomata to leaves 
or needles (Laacouri et al., 2013; Risch et al., 2017). 
Deposition of  Hg0 to the exterior surfaces of leaves 
seems to be of limited importance (Frescholtz et al., 
2003). Vegetation substantially affects the lifetime of 
Hg in the atmosphere, which typically ranges from 
approximately 6 to 18 months (Gworek et al., 2017), 
as well as the seasonal fluctuations in atmospheric 
concentrations in the Northern Hemisphere (Jiskra 
et  al., 2018). Since stomatal conductance is affected 
by environmental factors such as vapour pressure def-
icit and temperature, the Hg uptake by vegetation can 
be influenced by climate change (Wohlgemuth et al., 
2023).

Highly time-resolved isotope techniques to study 
Hg ecosystem fluxes have shown that the accumu-
lation of Hg in leaves or needles is the net result of 
bidirectional fluxes to and from vegetation (Bishop 
et al., 2020; Sommar et al., 2020; Yuan et al., 2019). 
Over longer time periods (months-years) net uptake 
was generally observed (Demers et  al., 2013). This 
net accumulation by plants can be investigated by 
studying the development of Hg concentrations of 
leaves and needles over their full life span (Pleijel 
et al., 2021).

Several studies have shown the Hg concentra-
tion to increase as deciduous leaves (Assad et  al., 
2016; Laacouri et  al., 2013) and evergreen conifer 
needles get older (e.g., Hutnik et al., 2014; Navratil 
et  al., 2019; Wohlgemuth et  al., 2020; Pleijel et  al., 
2021). In some earlier studies, only the youngest 
1–3 needle age classes (NACs) were investigated, or 
all NACs were pooled (e.g. Yang et  al., 2018), and 
in meta-analyses of Hg concentrations in different 
types of vegetation, the aspect of needle or leaf age 
was not always analysed (Zhou et  al., 2021). Many 
conifers can retain their needles for several years 
(Reich et  al., 1996, 2014), such as up to 6  years in 
Pinus sylvestris, 12 years in Picea abies and 16 years 
in Abies balsamea (Niinemets & Lukjanova, 2003). 
Navrátil et al. (2019), in an investigation of the effect 
of a severe bark beetle infestation on litterfall mer-
cury deposition in the Czech Republic, studied four 
NACs in Norway spruce (Picea abies) and observed 
a continued accumulation during that range of 
NACs. There is consequently a need for information 
on Hg accumulation over the full range of NACs in 

biogeochemistry, but also in biomonitoring based on 
needle accumulation of metals such as Hg (Bertolotti 
& Gialanella, 2014).

There are observations suggesting that the rate 
of Hg uptake declines as needles get older. For 
example, calculations by Wohlgemuth et al., (2020, 
2022) accounted for a successive reduction in the 
rate of Hg uptake as Picea abies needles became 
older, based on observations in Bavaria. Pleijel et al. 
(2021), combining data from several sources for dif-
ferent conifer species, also found an indication of a 
reduction in the Hg accumulation rate in up to five-
year-old needles. A declining Hg uptake rate with 
increasing needle age can depend on physiologi-
cal aging with lower concentrations of important 
nutrients like nitrogen and phosphorus (Manghabati 
et al., 2019; Oren et al., 1988), but also on older nee-
dles being shaded to a larger extent than younger, 
which will promote stomatal closure (Zimmermann 
et al., 1988). A further possibility is that the leaf Hg 
concentration approaches saturation in terms of a 
dynamic equilibrium where the rate of Hg evasion 
equals the rate of deposition of Hg as suggested to 
be the case for semi-volatile polycyclic organic com-
pounds (McLachlan, 1999) and was discussed also 
for Hg in earlier literature (Ericksen & Gustin, 2004; 
Hanson et al., 1995).

The development of leaf Hg uptake rate over time 
is highly relevant also for evergreen broadleaved 
trees, which have been investigated to a much lesser 
extent than evergreen conifers and broadleaved decid-
uous species. A recent exception is the study of the 
evergreen olive tree (Olea europea) in olive groves in 
Lebanon (Tabaja et al., 2023), where a continued leaf 
accumulation of Hg over several years was observed. 
In many tropical and Mediterranean evergreen broad-
leaved species, leaf age is hard to assess accurately 
due to continuous or recurrent leaf flushing over the 
whole season (Kozlowski, 1964). However, in cooler 
climates, many evergreen broadleaved species, such 
as Trochodendron aralioides, and many species in the 
genus Rhododendron, carry several leaf age classes 
(LACs) which can easily be distinguished as distinct 
annual cohorts.

If the Hg uptake rates observed for the youngest 
needles are not representative for the needles over 
their full life span it means that data for young nee-
dles, or needles of unspecified age, cannot be used 
directly to estimate the flux of Hg with litterfall of 
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needles. Niinemets and Lukjanova (2003) have 
pointed out that the bias in limiting measurements to, 
and basing ecophysiological modelling of processes 
at the ecosystem level on data for the youngest nee-
dles, can have strong implications, e.g. in assess-
ments of stand level carbon gain. This concern for a 
bias resulting from a selective focus on younger nee-
dles or leaves, applies also to Hg, since conifers pre-
dominantly shed their oldest needles as litter (Muuk-
konen, 2005; Nebel & Matile, 1992; Wyttenbach & 
Tobler, 2000). Concentrations of younger needles or 
a mix of needle age classes are thus not representa-
tive for the flux of Hg and other elements with nee-
dle litter.

To address the knowledge gap represented by the 
current lack in the data on Hg concentration, and 
consideration of the development of Hg accumula-
tion over needle or leaf lifetime, we investigated the 
Hg concentration of the full range of NACs, and 
associated wooden branch segments, in two coni-
fers: Picea abies (nine NACs) and Abies pinsapo 
ssp. marocana (fourteen NACs). The latter species 
was selected to represent conifers carrying a large 
number of NACs. Furthermore, the Hg concentration 
of three LACs was investigated for two evergreen 
broadleaved species: Trochodendron aralioides and 
Rhododendron catawbiense. Using this methodo-
logical approach, we add novel information on Hg 
concentration and accumulation rate in evergreen 
needles and leaves, promoting the understanding and 
supporting modelling of a significant aspect of the 
biogeochemical cycling of Hg in the environment. 
Our research questions were:

• Do evergreen conifer needles continuously accu-
mulate mercury (Hg) across all needle age classes 
(NACs), or is there a saturation or even a decline in 
older NACs?

• What is the concentration of Hg in the wooden 
branch segments, to which the different NACs in 
conifers are attached, compared with needle Hg?

• Do leaves of evergreen broadleaved species exhibit 
an accumulation pattern of Hg similar to that of 
evergreen conifers?

• How large is the average life-time Hg accumula-
tion rate in conifer needles and leaves of evergreen 
broadleaved trees when grown under the same 
ambient conditions?

2  Materials and Methods

2.1  Plant Material

Norway spruce (Picea abies) is the most common 
tree species in Sweden, where the study was con-
ducted. Three Picea abies trees in a semi-closed for-
est stand of the Änggårdsbergen nature reserve next 
to the Gothenburg Botanical Garden were sampled 
(N57.66, E11.96). In addition, three trees of Moroc-
can fir (Abies pinsapo var. marocana) were sampled 
in the nearby arboretum situated in the forest land-
scape next to the botanical garden (N57.67, E11.96). 
Abies pinsapo var. marocana was selected because 
it maintains a broad range of complete NACs, at our 
site fourteen. The number of complete NACs in Picea 
abies was nine. The Wheel tree (Trochodendron aral-
ioides) and the Catawba rhododendron (Rhododen-
dron catawbiense) are evergreen broadleaved species. 
Three individuals of each species were sampled in 
the Gothenburg Botanical Garden (N 57.68, E11.95). 
Both species had three complete LACs. The fourth 
LAC showed senescence and was largely shed in both 
species. Determination of the age class of needles and 
leaves in the four species is described in detail in Sup-
plementary Fig. 1.

2.2  Sampling, Preparation and Analysis of Samples

For each sampled Picea abies or Abies pinsapo var. 
marocana tree, a minimum of three branches were 
used. Sampling was made on 22 September 2020. 
For these two conifers, both the needles and the dif-
ferent annual branch segments to which the different 
NACs were attached were sampled and analysed. In 
the case of Trochodendron aralioides and Rhododen-
dron catawbiense, sampling was made on 21 Septem-
ber 2020. For each sampled tree a minimum of three 
branches were sampled. One sample for the second 
LAC of Trochodendron was lost during the handling 
of samples.

Branches with leaves or needles in the outer, 
light-exposed part of the crown were selected and 
cut down with a pruner. The samples were packed 
in polyethylene plastic bags, transported in a cool 
bag and stored in a fridge until further handling. 
Samples were carefully collected to avoid contami-
nation. Needles were separated from the wooden 
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branch segments at the laboratory while the leaves 
of the broadleaved species were separated from the 
branches in the field. Leaf, needle and branch sam-
ples were dried in 70  °C (Pleijel et  al., 2021) in 
aluminium envelopes until constant weight, at least 
48  h. Thereafter the samples (1–2  g each) were 
ground to a fine powder using a ball mill (Model 
MM 301, Retsch, Haan, Germany) equipped with 
grinding jars and balls made of wolfram carbide. 
The grinding equipment was carefully vacuum 
cleaned between each sample. Samples were ana-
lysed for the content of 37 elements including Hg 
using inductively coupled plasma mass spectrometry 
(Dry Vegetation ICP-MS, 37 elements after diges-
tion in  HNO3 and then aqua regia: Method VG101 
by Bureau Veritas Mineral laboratories, Vancouver, 
BC, Canada). In this paper, only the Hg data are 
used. The laboratory has implemented an analyti-
cal quality management system meeting the require-
ments of ISO/IEC 17025 and ISO 9001. Further 
details on the analysis as well as on Quality Assur-
ance and Quality Control which includes the use of 
blanks, internal standards and repeated measure-
ments of some samples can be obtained here: https:// 
publi catio ns. gc. ca/ site/ archi vee- archi ved. html? url= 
https:// publi catio ns. gc. ca/ colle ctions/ colle ction_ 
2024/ rncan- nrcan/ m183-2/ M183-2- 8837- 1A- eng. 
pdf. The method detection limit for Hg was 1 ng  g−1. 
No sample had a Hg concentration below the detec-
tion limit.

2.3  Statistical Analysis

Differences between species, leaf or needle age, as well 
as the interaction of species with leaf or needle age, 
were investigated using a mixed design analysis of vari-
ance (ANOVA) with leaf or needle age set as the within-
subjects variable (repeated measures). This analysis was 
made separately for conifers (9 NACs) and broadleaved 
species (3 LACs). One-way ANOVA was used to ana-
lyse differences in Hg lifetime uptake between species 
with Tukey’s honestly significant difference (HSD) as 
the post-hoc test. IBM SPSS Statistics (version 25) was 
used for the ANOVA statistical analyses.

3  Results

The needle concentration of Hg initially increased 
over time in both Picea abies and Abies pinsapo 
var. marocana (Fig. 1a). While the Hg concentration 
continued to increase over all nine NACs in Picea 
abies, the concentration increase ceased completely 
in NACs older than eight years in Abies pinsapo var. 
marocana (Fig.  1a). In Abies the maximum needle 
concentrations reached ~ 110 ng   g−1 while the corre-
sponding value for Picea was 75 ng   g−1. The mixed 
design ANOVA showed that needle age and the nee-
dle age*species interaction both were strongly signifi-
cant (p < 0.001), while the species difference as such 
was non-significant (p = 0.14).

Fig. 1  Development of the Hg concentration, [Hg], of (a) nee-
dles, and (b) associated branch segments, of Picea abies and 
Abies pinsapo var. marocana over the full range of NACs. For 

Abies pinsapo var. marocana separate curve fittings were used 
for needle age classes up to 8 and needle age classes above 8

https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2024/rncan-nrcan/m183-2/M183-2-8837-1A-eng.pdf
https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2024/rncan-nrcan/m183-2/M183-2-8837-1A-eng.pdf
https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2024/rncan-nrcan/m183-2/M183-2-8837-1A-eng.pdf
https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2024/rncan-nrcan/m183-2/M183-2-8837-1A-eng.pdf
https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2024/rncan-nrcan/m183-2/M183-2-8837-1A-eng.pdf
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Hg concentrations of the branch segments to 
which the different NACs were attached (Fig.  1b) 
were on average 5 and 12.8 times lower than nee-
dle concentrations, respectively, in Picea abies and 
Abies pinsapo var. marocana. Maximum branch 
concentrations were 13  ng   g−1 and 11  ng   g−1 in 
Picea abies and Abies pinsapo var. marocana, 
respectively. Only the first NAC had Hg concentra-
tions of the same magnitude as those of the corre-
sponding branch segments. In both species an initial 

increase in branch segment Hg concentration fol-
lowed by a decrease was indicated. However, the 
mixed design ANOVA was non-significant for the 
Hg concentrations of branch segments with respect 
to species, needle age and their interaction.

Based on the regression curves fitted to the 
observed needle Hg concentrations of the two coni-
fers displayed in Fig.  1a, the annual rate of con-
centration increase was estimated (Fig.  2). For all 
except the first NAC a steady decline in annual Hg 
accumulation rate was obtained. The smaller uptake 
in the first NAC can be explained by the shorter 
growing season of the current year needles, being 
fully developed by mid-June, while older needles 
start their physiological activity around two months 
earlier. Also, some autumn Hg uptake after the har-
vest date (22 September) can be expected for current 
year needles, which will in this analysis be included 
in the Hg accumulation of the second NAC.

A steady increase in leaf Hg concentration over 
the three LACs of Trochodendron aralioides and 
Rhododendron catawbiense was observed (Fig.  3). 
The mixed design ANOVA showed that the age 
effect was highly significant (p < 0.001), while the 
difference between the species was non-significant 
(p = 0.127). The negative quadratic terms of the 
regression functions represent an indication that 
there was some levelling off in the accumulation 
rate of Hg as leaves age, but this effect was very 
small in relation the rate of uptake.

Fig. 2  Estimated mean annual increase in needle Hg concen-
tration, [Hg], for all nine needle age classes (NACs) in Picea 
abies and the first eight NACs (the concentration remained 
constant in older NACs) of Abies pinsapo var. marocana based 
on the curves fitted to the data in Fig. 1a

Fig. 3  Development of the 
Hg concentration, [Hg], in 
leaves of Trochodendron 
aralioides and Rhododen-
dron catawbiense over three 
LACs
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Since the flux of elements with leaves and needles 
dropped as litter will represent averaged net accumu-
lation over their full life span, the average leaf or nee-
dle lifetime Hg accumulation per growing season (by 
dividing the Hg concentration of the oldest LAC or 
NAC with its age expressed in years) of the different 
species is compared in Fig.  4. In addition, the aver-
age annual net uptake after three years for the coni-
fer species was calculated and shown in the figure for 
comparison. After three years, the accumulation rate 
was of similar magnitude in all four species. How-
ever, when the full range of LACs (three years in both 
broadleaved species) and NACs (nine years in Picea 
abies and fourteen years in Abies pinsapo var. maro-
cana) the average life-time annual Hg accumulation 
rate was only about half in the two conifer species 
compared to the broadleaved species. In this case the 
ANOVA was significant (p < 0.001) and the post-hoc 
test showed that the Hg uptake rate of the two broad-
leaved species was significantly different from that of 
the two conifers, while neither the two broadleaved, 
nor the two conifer species, were significantly differ-
ent from each other.

4  Discussion

Despite prior observations of mercury (Hg) accumu-
lation with increasing needle age (e.g. Navrátil et al., 
2019; Wohlgemuth et al., 2020), this study is the first 
to demonstrate continued Hg accumulation in coni-
fer needles up to the 9th NAC in Picea abies. This 
has significant implications for the biogeochemical 

cycling of Hg compared to the results from ear-
lier studies as the oldest age classes produces most 
of needle litter (Flower-Ellis, 1996). The contin-
ued increase in Hg content in the conifer needles 
resulted in maximum concentrations that are higher 
than concentrations reported in earlier studies (e.g. 
Zhou et al., 2021), the likely reason being that pre-
dominantly younger needles have previously been 
studied. Navrátil et  al. (2019), however, observed 
average Hg concentrations of four-year old Picea 
abies needles above 50 ng  g−1 which is comparable 
to 63 ng  g−1 for this NAC in our study. Similarly, Hg 
concentrations in the range of ~ 50–65  ng   g−1 were 
observed for four-year old Picea abies needles in the 
data set used by Wohlgemuth et al. (2020). In both 
these studies, like ours, Hg concentrations of the 
youngest NACs were much lower. Our findings sug-
gest that there is a risk of underestimating the con-
centration of Hg in the needles that produce litter by 
up to approximately 70–80%, depending on species 
and needle longevity, if first year needle concentra-
tions are used instead of observations for the oldest 
NAC. This was also emphasized by Méndez-López 
et  al. (2022) studying Hg accumulation in Pinus 
pinaster. The genus Pinus has shorter lived nee-
dles than Picea and Abies but over the range of four 
NACs these authors found a pattern of continued Hg 
accumulation over time and NAC 3–4 to make the 
main contribution to the flux of Hg with litterfall.

As indicated also in some previous studies (e.g. 
Wohlgemuth et  al., 2020), the rate of Hg accumula-
tion declined over time and in the case of Abies in 
our study it completely ceased for NACs older than 

Fig. 4  Average annual rate 
of accumulation of Hg in 
all four investigated species 
for the first three years as 
well as for the full needle 
life span of the two conifers 
(9 years in Picea and 
14 years in Abies)
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eight years. This can be explained by a declining 
physiological activity of older needles and shading of 
older needles in the canopy resulting in a lower sto-
matal conductance (Zimmermann et al., 1988; Roba-
kowski & Bielinis, 2017) limiting uptake of  Hg0 from 
the atmosphere. In addition, there is evidence that 
the  mass of needles increases as they age (Flower-
Ellis, 1996), which could, if of sufficient magnitude, 
dilute Hg and other mineral components, thus partly 
masking a continued uptake of Hg. However, the 
most likely interpretation is that the needles succes-
sively become saturated with Hg as a dynamic equi-
librium between uptake and evasion of Hg is reached. 
Such an equilibrium is likely to have been achieved 
in Abies, which also had a faster initial uptake rate 
of Hg leading to higher maximum Hg concentration 
promoting the establishment of an equilibrium. This 
would explain the lack of concentration change over 
NACs 9–14. From our data it seems to take several 
years to reach such an equilibrium at background 
atmospheric concentrations of Hg. It was not com-
pletely reached in the 9th NAC of Picea abies, which 
could be associated with lower maximum concentra-
tions in this species compared to Abies pinsapo var. 
marocana. The theoretical foundation of this kind 
of equilibrium has been presented by McLachlan 
(1999) for organic semi-volatile compounds. That Hg 
has similar semi-volatile properties is evidenced by 
the bi-directional fluxes of this element observed in 
highly temporally resolved measurements using sta-
ble isotope techniques (Yuan et al., 2019).

In deciduous broadleaved species, an essentially 
linear increase in Hg over time has been observed 
during the growing season (e.g. Assad et  al., 2016; 
Bushey et al., 2008; Pleijel et al., 2021), and even in 
the three LACs of Trochodendron and Rhododendron 
of our study, the accumulation rate of Hg was almost 
linearly related to age. In these cases, the decline in 
the Hg accumulation rate with increasing leaf age 
seems to be of limited importance. It becomes signifi-
cant only for more long-lived leaves or needles. In the 
literature there exists one earlier study of Hg accu-
mulation in leaves of Japanese azalea, Rhododendron 
japonicum (syn. Azalea japonica, Gaggi et al., 1991). 
Although this was a short-term laboratory chamber 
study with comparatively high atmospheric Hg expo-
sure, it showed a continued accumulation of Hg by 
the leaves during the exposure period.

Our study does not directly address the details of 
the mechanisms by which Hg is taken up by leaves 
and needles. Although existing literature suggests that 
stomatal uptake of gaseous elemental mercury  (Hg0) 
is the quantitatively most important process (Fres-
choltz et al., 2003; Laacouri et al., 2013; Risch et al., 
2017) it cannot be excluded that some of the deposi-
tion to leaves, especially in more polluted areas, takes 
place as particle-bound Hg, which has a much shorter 
lifetime in the atmosphere than  Hg0 (Gworek et  al., 
2017) and thus deposits more quickly. Depending on 
the size of the stomatal aperture, smaller particles 
carrying metals, may partly enter leaves through the 
stomata (Gao et al., 2021; Kwak et al., 2020). How-
ever, elemental Hg has over the last decades been 
established as the dominant component of dry deposi-
tion in remote areas (Bishop et al., 2020).

Conifer needles have been used in biomonitoring 
as accumulators of metals and other chemical species. 
Our study highlights the necessity of carefully taking 
account of needle age, as has been pointed out also by 
Bertolotti and Gialanella (2014), older needles pro-
viding a stronger chemical signal for Hg due to the 
continued accumulation over several years. In prin-
ciple, these considerations apply also to both decidu-
ous and evergreen broadleaved trees. This is relevant 
also for many other metals than Hg, such as lead (Pb), 
zinc (Zn), chromium (Cr) and vanadium (V), which 
are investigated in urban, industrial or rural environ-
ments using conifer needles for biomonitoring. For 
example, Sulhan et  al. (2023) investigated the con-
tent in of Cr and Zn in needles of Picea pungens 
in Ankara, Türkiye, and found this species to be an 
appropriate biomonitor for these metals with, like Hg 
in our investigation, in general rising concentrations 
over the seven NACs investigated. Likewise, Pleijel 
et al. (2023) observed rising concentrations of Pb and 
antimony (Sb) with rising needle age in Picea abies. 
Sardans and Peñuelas (2005) studied a broader range 
of eleven metals, including Hg, in differently pol-
luted areas of the Barcelona region, Spain, and found 
clear associations with general pollution level and 
metal concentrations in needles of Pinus halepensis, 
but also a number or other species used for biomoni-
toring. It can be noted in this context that also other 
plant fraction than needles or leaves, such as bark and 
wood, can be useful in biomonitoring for some metals 
as exemplified by the study of Cr concentrations in 
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Picea orientalis of Cetin (2024) and the investigation 
presented by Isinkaralar et al. (2024) on the accumu-
lation of a broad range of metals in five conifers.

The substantially lower Hg concentrations of the 
essentially woody branch segments, compared to nee-
dles (except the first NAC) are expected in the light 
of earlier findings by e.g. Yang et al. (2018) and the 
data summarized in the meta-analysis by Zhou et al. 
(2021). This strongly indicates that most of the Hg 
taken up by needles remains in this compartment 
and that wood, on a per mass basis, is a small sink 
for Hg. However, one needs to keep in mind that the 
amount of wood in a forested ecosystem can be very 
substantial and represent a large, combined pool of 
Hg although the concentration is low. Furthermore, 
the much lower Hg concentrations observed for the 
essentially woody branch segments compared to nee-
dles do not suggest wood to be a better plant fraction 
to use in biomonitoring of Hg compared to needles.

The evergreen leaf habit of needles and leaves 
represents a resource conservation strategy (Aerts, 
1995). Further, the longevity of foliage is influenced 
both by genetic constitution and acclimation to the 
environment (Pornon et  al., 2011). For example, 
Reich et al. (1996) found that Picea abies and Pinus 
sylvestris retained their needles longer at higher lati-
tude and high altitude. In addition, nitrogen avail-
ability can affect needle life span (Reich et al., 2014). 
An important implication of the life-time average Hg 
uptake rate presented in Fig. 4 is that the higher maxi-
mum Hg concentrations of long-lived needles does 
not necessarily translate into a higher long-term aver-
age uptake rate.

Climate as such can influence Hg accumulation 
in leaves/needles as exemplified by the larger uptake 
of Hg by Pinus pinaster needles in more oceanic cli-
matic conditions with higher precipitation, promoting 
higher stomatal conductance and thus Hg absorp-
tion, in Galicia, North-West Spain (Méndez-López 
et  al., 2022). In addition, Hg accumulation could be 
affected by climate change in several ways. Firstly, as 
pointed out by Wohlgemuth et al. (2023), an altered 
climate can influence stomatal conductance and thus 
leaf uptake of Hg. Secondly, in line with the argu-
ment provided earlier in the previous paragraph, the 
average needle life span can be shortened at higher 
temperatures, leading to a larger average annual 
needle lifetime uptake of Hg. Finally, on the longer-
term climate change is likely to lead to a shift in the 

abundance and geographical distribution of species 
with different leaf habits (Ma et al., 2023), e.g. with 
an increased occurrence of deciduous broadleaved 
forests, having a faster leaf Hg accumulation rate 
(Zhou et al., 2023), replacing evergreen conifers.

We compared the accumulation of Hg in needles 
of the most common tree species, the conifer Picea 
abies, in Sweden and several other areas of northern 
Europe, with that of three other evergreen species 
grown under the same ambient conditions. A general 
pattern of continued accumulation over several years 
was observed in all investigated species, but with 
considerably higher lifetime average uptake in the 
two broadleaved species compared to the two conifers 
because of the decline in the rate of net Hg uptake in 
older needles.

5  Conclusions

The most important conclusions from this study are:

1) Net Hg accumulation in evergreen conifers and 
broadleaved species continues over several years.

2) In the conifers, the rate of Hg uptake by the nee-
dles declined over time and ceased completely 
after eight years in Abies pinsapo var. maro-
cana, indicating that a saturation point had been 
reached with no further net accumulation of Hg.

3) In the more short-lived evergreen leaves of Tro-
chodendron and Rhododendron, saturation seems 
to be of limited significance.

4) When analysing the role of litterfall as an ecosys-
tem flux of Hg, the average lifetime Hg uptake 
rate of needles and leaves, which was smaller in 
conifers compared to broadleaved species in this 
study, should be accounted for.

5) The largely woody branch segments to which the 
different needle age classes were attached had 
much lower Hg concentrations than the needles 
except for the youngest needle age class.

6) In future biogeochemical research (empirical 
and modelling) and biomonitoring studies, the 
age of sampled leaves and needles needs to be 
considered to account for the age dependence of 
Hg concentration and accumulation rate. This 
applies also to other metals monitored with this 
approach.
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Our study highlights that the leaf and needle life 
span is of critical importance in the assessment of Hg 
in plant samples and their interpretation in the context 
of Hg circulation in the environment as well as in bio-
monitoring based on metal accumulation in evergreen 
foliage.
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