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Global biogeochemical cycling of trace elements is under influences of
anthropogenic inputs and climate change, and their trophic transfers within
natural food webs are not yet fully characterized. The present study
investigated the trophodynamics of four trace elements (essential: copper and
zinc, and non-essential: arsenic and cadmium) in a river food web and compared
those with an upland forest food web in a semi-remote watershed in northern
California, United States. We found empirical evidence of biomagnification for
copper, zinc, and cadmium in the lower trophic levels of both aquatic and
terrestrial food webs while we showed biodiminution for arsenic in food webs
within the river, but not the forest as shown by calculating Trophic Magnification
Factor (TMF), a direct and robust approach to explore the biomagnification
efficiency of trace elements along the food web. There was a positive
intercorrelation between copper, zinc, and cadmium among the food web
components, indicating potential common mechanisms in controlling the
trophic transfer of these three cationic trace elements in the natural food webs.
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Introduction

Trace elements are natural components of the biosphere and widely exist in terrestrial
and aquatic environments (Luoma, 1983). Rock weathering is one of the important
processes controlling the availability of trace elements in natural ecosystems (Loureiro
and Hepp, 2020). Therefore, living organisms can be exposed to a range of trace elements in
both terrestrial and aquatic environments even without anthropogenic activities. However,
it is well known that many anthropogenic activities have altered the natural biogeochemical
cycles of different trace elements, through accelerating their emissions to the environment
(Luoma, 1983). Also, climate change can pose many direct or indirect changes to metal
cycling processes (Nedrich and Burton, 2017), and thus our environments are under
multiple stresses from metal pollution. Not limited to the amount of trace element, but in
what chemical form (i.e., speciation) is present, it strongly determines their bioavailability
and the presence of trophic transfer in the natural environment (Szynkowska et al., 2018).
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Most of the published work has focused on the metal pollution
problems in contaminated ecosystems such as mining and industrial
areas (Cain et al., 2004), but our understanding of trace element
bioaccumulation and their trophic transfers in relatively pristine
environments are relatively limited.

Previous research has shown that freshwater invertebrates such
as Daphnia magna can take up aqueous metals through exoskeleton
as well as dietary metals (e.g., from phytoplankton) through
assimilation (Loureiro et al., 2018; Tsui and Wang, 2007). Once
absorbed or assimilated, metals can be redistributed to the
biologically inactive tissues such as the exoskeleton for regulation
and excretion by ecdysis (Loureiro and Hepp, 2020; Rainbow, 2002).
Excessive metals in the tissues can also be “detoxified” by binding
with metallothionein as well as metal granules, which can be
excreted from the biological tissues or stored in an inactive form
indefinitely (Rainbow, 2002).

At the base of natural food webs, invertebrates are known to play
an important role in transferring trace elements up the food webs
(Tsui and Wang, 2007), and examining the base of food webs (e.g.,
from basal resources to invertebrates) would provide an unbiased
assessment on trophic transfer of trace elements among habitat
types because higher trophic level consumers (e.g., songbirds) are
known to integrate food prey items over multiple sources and even a
range of habitats, thus their body burden of trace elements may not
reflect the “locally-derived” sources (Baxter et al., 2005).

Among different metals, the organic form of Hg, methylmercury
(MeHg), is the only trace element consistently showing strong
biomagnification among diverse food webs, including both
aquatic and terrestrial ecosystems (Lavoie et al., 2013; Selin, 2009;
Tsui et al., 2019). However, for many metals they have not been
found to consistently biomagnify (Cardwell et al., 2013) but
exceptions were reported before. For example, Croteau et al.
(2005) reported biomagnification of cadmium (Cd) but not
copper (Cu) in a freshwater food web consisting of epiphytic
algae, invertebrates and fishes, leading to 15 times difference of
Cd concentrations within two trophic levels. Their results on Cu
would be similar to those of another study with Florida apple snails
(Hoang et al., 2008). In other cases, strong biodiminution has been
shown in food webs for elements such as arsenic (As) and lead (Pb)
(Chen and Folt, 2000), showing empirical evidence of the food web
regulation of toxic elements. However, somewhat more conflicting
results have been observed among terrestrial food webs (Dar
et al., 2019).

In view of the increasing anthropogenic pollution and global
climate change, this study was aimed to provide a baseline
characterization of food web trophic transfer of trace elements
among freshwater and forest food webs in relatively pristine
forested watersheds to allow any future comparison. Specifically,
we examined the bioaccumulation and trophic transfer of four
common trace elements, As, Cd, Cu and zinc (Zn) in freshwater
and terrestrial food webs in a semi-remote forested watershed at
northern California (United States of America) without any known
local point sources. The study ecosystem has been previously
assessed for biogeochemical Hg cycling and the Hg levels were
similar to many other background ecosystems receiving mainly
atmospheric deposition (Tsui et al., 2009; Tsui et al., 2019). Cu
and Zn are essential micronutrients and are responsible for the
metabolism of the organisms, whereas As and Cd are generally

classified as non-essential elements with no recognized biological
role in humans (Kaur et al., 2023). These four trace elements were
selected since they could be grouped as essential vs. non-essential
elements, cationic vs. oxoanionic speciation, we speculate that other
heavy metals could indeed show similar behaviors, allowing us to
determine whether it biomagnifies or biodiminishes along the food
chain (Alloway, 2012; Peana et al., 2021). To our knowledge, it
should be the first study to compare multiple trace elements across
both aquatic and terrestrial food webs within the same pristine
watershed, aiming to explore the trace element transfer and
interaction between aquatic and adjacent terrestrial environment.

To understand better on the trophic transfer of these trace
elements, stable nitrogen isotope (δ15N) was used to examine trophic
relationships in food webs with the calculation of Trophic
Magnification Factor as a common approach to evaluate the
trophic transfer efficiency of trace element transfer (Lavoie et al.,
2013; Pelletier et al., 2025; Tsui et al., 2019). Meanwhile, stable C
isotope (δ13C) was used to track energy sources and differentiate
feeding habits, explaining how the trace elements get into the food
web and transfer among organisms within and between habitats
(Wen et al., 2024).

Within a forest, not only nutrients such as fatty acids but also
contaminants such as trace elements could be carried from aquatic
habitats to terrestrial ecosystems when aquatic insect larvae emerge
as adults (e.g., dragonfly and mayfly, etc.) and are consumed by
riparian predators (e.g., bats, birds and spiders) (Moyo et al., 2017;
Speir et al., 2014) or detritus flow with fallen terrestrial prey being
eaten by aquatic predators. The interaction between these two
processes remains poorly resolved. The nutritional status of
organisms potentially influences the rate of contaminant uptake
and accumulation (Kainz et al., 2008). This study also aims to
investigate how these metal fluxes between aquatic and terrestrial
systems operates.

Materials and methods

Study site, sample collection and processing

Our study sites were in the Angelo Coast Range Reserve
(39.718239, −123.652512) in Branscomb, Mendocino County of
northern California, United States (Tsui et al., 2009; Tsui et al.,
2019). Briefly, invertebrate samples were mainly collected in three
locations: i) a section of South Fork Eel River, a third order river,
within the reserve with a drainage basin of 150 km2 and a canopy
cover of ~39%; ii) a riparian area within 5 m of the stream bank, and
iii) an upland forest with mixed deciduous and coniferous stands.

In the river, basal resources including submerged leaf litter,
filamentous alga (Cladophora glomerata), and nitrogen-fixing
cyanobacterium (Nostoc pruniforme) were collected by personnel
wearing non-powdered vinyl gloves. Biofilm on the substrates was
scraped with acid-washed plastic brushes, followed by rinsing them
with river water into an acid-cleaned Teflon bottle. Invertebrates
were collected with clean stainless-steel forceps and nets, followed by
transferring them into clean tubes individually while fish were
collected with clean dip nets. In the riparian zone, spiders and
emerging aquatic insects were collected by clean forceps and nets. In
the upland forest far from any water sources (> 100 m), basal

Frontiers in Environmental Science frontiersin.org02

Cheng et al. 10.3389/fenvs.2025.1657891

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1657891


resources including leaf litter, surface soil (0–5 cm) and
decomposing bark were collected while invertebrates were
collected by clean forceps and nets and/or light traps, followed
by transferring them into clean tubes or zip-lock bags individually.
Samples were transported on dry ice back to the analytical
laboratory, then immediately frozen at −20 °C, followed by
lyophilization, and homogenization into fine powders using
trace-metal clean approach (Tsui et al., 2012). All samples were
classified according to their functional feeding groups with reference
to previous literature (Ramírez and Gutiérrez-Fonseca, 2014).

Stable isotope analyses

Individual dry samples were weighed using a microbalance
(± 0.1 mg) into a tin capsule (Costech Analytical Technologies
Inc.). Samples wrapped in the tin capsules were shipped to the
Arizona Climate and Ecosystems Isotope Laboratory (Northern
Arizona University, Flagstaff, Arizona, United States of America)
and analyzed by a Carlo Erba NC2100 Elemental Analyzer coupled
with continuous-flow Thermo Scientific DELTA V Advantage Mass
Spectrometer for stable carbon (δ13C) and nitrogen (δ15N) isotope
ratios. The repeated analyses of a standard reference material (NIST
1547 Peach Leaves) (n = 20) gave an analytical uncertainty (2SD) of
0.12‰ for δ13C and 0.26‰ for δ15N.

Trace element determination

Individual dry samples were weighed (0.1 ± 0.01 g) into acid-
cleaned Teflon digestion vessels (Savillex), and to which we added
4 mL of trace-metal grade nitric acid and 1 mL of reagent grade
hydrogen peroxide (both obtained from Thermo Fisher Scientific).
First, the digestion vessels were left loosely capped overnight at room
temperature and on the following day, the vessels were completely
sealed by a pair of wrenches, and the sample digestion was
conducted at 80 °C overnight. After cooling, 1 mL of the acid
digest was diluted 10 times by ultrapure water (18.2 MΩ/cm;
Thermo Scientific Barnstead). Each batch of digestion includes
reagent blank, duplicates of selected samples, and standard
reference materials (SRMs: NIST-1515 Apple Leaves; TORT-3:
Lobster hepatopancreas; DORM-4: Fish protein). All diluted
samples were analyzed by PerkinElmer NexION 300 ICP-MS
while here we only reported results for Cu, Zn, Cd, and As. The
mean recoveries of trace elements from the three SRMs were as
below: NIST-1515 Apple leaves (110% for Cu; 96% for Zn; 117% for
Cd; not certified for As; n = 3); TORT-3 Lobster hepatopancreas
(111% for Cu; 97% for Zn; 97% for Cd; 109% for As; n = 8); and
DORM-4 Fish protein (122% for Cu; 99% for Zn; 104% for Cd; 97%
for As; n = 7). Data were reported as µg/g on a dry mass basis and
expressed as median ± mean absolute deviation (MAD).

Trophic magnification factor (TMF)

To quantitatively evaluate this trophic transfer process for all
four elements, the trophic magnification factor (TMF) was used and
was statistically derived (Fisk et al., 2001). It should be noted that

TMF is essentially the same as the trophic magnification slope
commonly used by other studies (e.g., Lavoie et al., 2013). In
brief, TMF was estimated through the linear regression between
δ15N and the log10-transformed elemental concentration (i.e., log10
[M]). According to Boldrocchi et al. (2021), the equation of the
linear regression could be written as: log10[M] = a + b * (δ15N), where
a and b refer to the y-intercept and slope of the equation,
respectively, and TMF = 10b. Biomagnification of trace elements
in TMF > 1 and TMF < 1 respectively indicates biodiminution
(Boldrocchi et al., 2021).

Statistical analysis

All data analyses were conducted using R Studio. Shapiro-Wilk
tests were conducted to test the normality of all data before further
analysis. Due to the violation of the normality test the non-
parametric Wilcoxon/Kruskal-Wallis (Rank Sums) test and the
Post hoc Dunn’s test were used to evaluate if any difference in
metal concentration exists between habitats and different habitat
groups. Also, non-parametric Spearman correlations were used to
investigate the relationship between trace elements. Finally, a linear
regression was used to evaluate trends in metal concentration and
relative trophic position to derive TMF. All statistical tests were
statistically significant if p is < 0.05. All units are expressed in μg g-1

for all concentration analysis.

Results & Discussion

Food web structures

In the aquatic–riparian ecosystems, the basal resources consist of
benthic algae (e.g., algal biofilms, Cladophora and Nostoc), coarse
particulate organic matter (CPOM), and macrophytes. These basal
resources are consumed by primary consumers such as filter-feeding
mussels and fly larvae, as well as scrapers including mayflies and
shrimps. Secondary consumers include carnivorous invertebrates
(Hemiptera, Odonata and Trichoptera) and insectivorous fishes
(Cypriniformes and Salmoniformes). At the top of the aquatic
food web, terrestrial riparian predators such as spiders (Araneae)
feed on emerging aquatic insects, thereby linking the aquatic and
riparian ecosystems.

In the adjacent forest system, basal resources are represented by
leaf litter and detritus. These support detritivores (Blattodea,
Polydesmida) and herbivores (Hemiptera, Orthoptera). These
groups are in turn preyed upon by carnivorous invertebrates
(i.e., Coleoptera and Lithobiomorpha), fed by upper predators
like scorpions and spiders. The forest food web thus tends to be
more detritus-based compared to the algal–detrital mixture
comprising the base of the aquatic food web.

Figure 1 and Supplementary Figure S1 summarize the isotopic
data of both δ13C and δ15N in the stream and riparian food webs
and the forest food webs. It first appears that the stream and
riparian food webs (from −29.7 to −13.2‰) have a much wider
range of δ13C than their terrestrial counterparts
(from −28.7 to −22.7‰). However, the high values of δ13C were
mainly derived from a cyanobacterium (Nostoc) and biofilm in the
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stream, while the rest of the food webs have a slightly narrower range
(Supplementary Figure S1, left). The large variation of δ13C in these
basal resources (e.g., Cladophara, Nostoc) may be due to the
difference in water velocity, and CO2 availability in the stream,
as revealed by a previous study (Finlay et al., 1999). Therefore, the
high bioavailability of CO2 favors the assimilation of C in Nostoc,
however, it is speculated that the cyanobacterium has little
contribution, if any, to the stream food web, as revealed by the
disconnected energy flow (i.e., mismatched δ13C signals) to the
higher trophic level animal consumers.

Among the forest food webs, millipedes showed the highest
value of δ13C (at −22.8‰) while (C3) leaf litter had the lowest value
(at −28.8‰). Overall, it appears that all aquatic and terrestrial
animal consumers had a narrower range of δ13C than the basal
resources (litter and algae) in their respective habitats, with the
terrestrial animal consumers having a much narrower range of δ13C

than their aquatic counterparts (Supplementary Figure S1). For the
forest food webs, it has been hypothesized that the microbial
processing of leaf litter would shift the δ13C toward higher values
in the terrestrial habitats and that would represent the ultimate
energy sources to the terrestrial invertebrates (Hyodo, 2015).

For δ15N, all the basal resources in both habitats ranged
from −3.3 to −0.5‰, and the animal consumers in general had a
stepwise increase with an overall range from −1.1‰ to 7.6‰.
Interestingly, while the “baseline” δ15N appeared to be similar for
both forest and stream, the δ15N for the terrestrial invertebrate
consumers is much higher than those of stream predatory
invertebrates (max. ~8.2‰) and stream fish (max. ~4.5‰) with a
much higher averaged trophic levels (TL) of predators in terrestrial
environment (TLForest: 3.29 ± 0.45; TLStream: 2.26 ± 0.54). One
explanation is that the lengthened food chain in the forest is due
to the involvement of microbial decomposition of leaf litter and that

FIGURE 1
Boxplots of δ13C and δ15N value of all samples collected in the stream and terrestrial food web in the study, the order of samples in x-axis are
arranged in ascending median value, functional feeding group are classified by colors.
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may add additional trophic steps above the basal resources (Steffan
et al., 2017), which if true can enhance the biomagnification of trace
elements, if any.

The dual isotope plots (δ13C vs. δ15N, i.e., Supplementary Figure
S1) revealed that the studied organisms are representing the typical
food webs of both habitats. As expected, δ15N values increase
progressively from basal resources through primary consumers to
higher trophic consumers, reflecting the stepwise enrichment of the
stable N isotope with each level of trophic transfer.

Trace element bioaccumulation

This study focused on two essential elements (Cu and Zn) and
two non-essential elements (As and Cd) (Figure 2). For Cu, the
lowest averaged concentrations were found in biofilms and
autotrophs while the highest averaged concentration were not
found in predators. Zn shows a similar trend to Cu. Like Cu and
Zn, Cd was found to be averagely lowest in biofilm and autotrophs,
however, only predators in forest environments exhibit the highest
mean Cd level. Unlike the others, the lowest mean As levels were
found in predators and detritivores in forest (which showed the
highest averaged concentration in Cu and Zn).

Comparing the food webs between habitats, significant
differences existed for Cu, Zn and Cd (Kruskal-Wallis H test, p <
0.05). In general, trace element concentrations were higher in the
terrestrial food webs. However, there was no significant difference in
trace element concentrations between the basal resources in both
habitats. When focusing on predators and invertebrates, significant
variations were observed for Cu and Zn (Figure 2), for example,
crayfish and fish in the aquatic environment.

Crayfish had higher Cu and Zn levels than expected (log Cu:
1.89, log Zn: 1.75) (Figure 2), which were also observed in another
research (Balzani et al., 2021). Both are essential elements to the
crustaceans, which are preferably accumulated in their body. For
example, high level of Cu is associated with the needs of hemocyanin

metabolism in their hemolymph, which is copper-dependent and
crucial in transporting oxygen through the body and replacing
hemoglobin (Dairain et al., 2019). It is a protein cofactor for a
number of enzymes. Many enzymes, such as carbonic anhydrases
and other biological processes, are required for metabolism, e.g.,
protein production requires Zn (Griboff et al., 2018), thus an
enhanced level of Zn is observed in Decapoda.

Trace element concentrations on biofilms exceeds those
measured in some aquatic vertebrates (e.g., log Cu: 1.41 in algal
biofilms and 0.76 in Salmoniformes). Since biofilms colonize on
both substrates and organismal surfaces, theymay act as source from
two ways, not only for filter feeders ingesting biofilm directly
(internal assimilation), but also for organisms who could host
biofilm growth on their body surface (external adsorption)
(Barnes et al., 2024; Cetinić et al., 2021). Consequently, together
with the isotopic data, the presence of biofilm associated metals
could be potentially recognized as a pathway influencing metal
dynamics especially at the base of the aquatic food webs,
elevating the levels in some of the aquatic invertebrates (e.g., log
Cu: 1.38 in Unionida). However, these metals are not internalized
and may be loosely associated, making them prone to desorption to
water and less available for trophic transfer which warrants further
studies in testing this hypothesis.

Metallothionein naturally exists in organisms especially in
vertebrates (Newman, 2009). Their functions are to regulate the
uptake, accumulation, and excretion rates of these trace elements in
biota (Griboff et al., 2018). This would explain a lower value of Cu
was observed in fish (log Cu: 0.664 in Cypriniformes, log Cu:
0.763 in Salmoniformes) than in other aquatic invertebrates (e.g.,
log Cu: 1.89 in Decapoda) (Figure 2; Supplementary Table S2).
Similar to Cu, Zn is essential for many biological functions, such as
metabolism processes that the organisms would preferably be
preserved in their organs for later excretion (Rainbow, 2007).
This may be a possible explanation why Zn could be maintained
at a high level in fish, while Cu is biodiluted in their body (log Cu:
0.664, log Zn: 2.44 in Cypriniformes) (Figure 2; Supplementary

FIGURE 2
Boxplots of arsenic (As), cadmium (Cd), copper (Cu) and zinc (Zn) concentrations in the stream and riparian foodwebs (left) and the forest foodwebs
(right) in this study. Note that the order of samples in the x-axis is arranged in ascending median value; functional feeding groups are classified by colors.
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Table S2). Some shredders prevent feeding on leaf detritus that are
contaminated (Schaller et al., 2011), therefore, their decomposition
rate is weakened (Schultheis et al., 1997). The trace element is then
accumulated in their body instead. It may be an explanation why the
shredders, Lepidostomatidae, are rich in metal content with respect
to their trophic levels (e.g., log Zn: 2.37) (Figure 2;
Supplementary Table S1).

Meanwhile, a relatively low level of Cd was observed among
vertebrates (e.g., log Cd: 1.12, −0.909 in Cypriniformes and
Salmoniformes, respectively) (Figure 2; Supplementary Table S2).
Cd exists in the stream and cannot be easily absorbed and preserved
in muscle tissues. Meanwhile, it is accumulated in organs such as
livers, and gills, instead of muscles (Griboff et al., 2018) that would
be regulated more easily. At the same time, these elements can be
absorbed by chitinous exoskeletons (Pereira et al., 2010) that may
not be consumed directly by their predators. Therefore, Cd might be
biodiluted at a higher trophic level (Campbell et al., 2005). A
remarkably high value of trace elements was observed in
millipedes, especially Cu (log Cu: 2.24) (Figure 2; Supplementary

Table S3), which may be due to the great necessity of Cu to produce
hemocyanin in millipedes (Jaenicke et al., 1999). Such a
phenomenon may also be applied to other detritivores in the
study such as termites.

Relationships between trace element and
stable isotope values

Bioaccumulation indicates the adsorption of trace elements in
organisms in the natural environment over time (Croteau et al.,
2005). When it transfers to a higher trophic level along the food
chain, biomagnification occurs. Trace elements vary in term of their
chemical properties that their fate would be different when entering
the food web. It depends on the strategies used by the organisms,
biomagnification could occur if there are clear excretion strategies
(Loureiro et al., 2018). The trophic magnification factor (TMF) was
calculated to explore the potential of biomagnification of trace
elements in the food web (Croteau et al., 2005). The range of

FIGURE 3
Comparison of the relationship between δ15N and the log-transformed trace element concentrations (μg g-1 dry weight) in both habitats, where blue
and brown points represent the stream and forest ecosystems, respectively.
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TMFs varied from 0.769 (As) to 1.39 (Zn) in aquatic environments
and from 0.982 (As) to 1.26 (Zn) in terrestrial environments.
Statistically significant biomagnification (p < 0.05, TMF > 1) was
evidenced for Cu, Zn, and Cd in both habitats (Figure 3). Regression
model showing TMF > 1 with p < 0.05 was found for As in streams
while no significant relationship (p > 0.05) was found for As in
forest (Figure 3).

In general, biomagnification of MeHg has been observed
across many different aquatic studies (Lavoie et al., 2013) and
relatively limited in terrestrial studies (Tsui et al., 2019), which all
showed a positive relationship between the concentration of
MeHg and relative trophic position (i.e., TMF > 1). However,
it is still a bone of contention in other trace elements, including
the target metals in the study. Previous studies have shown that
the TMF value in temperate stream and forest food webs would
be ~1.6 and ~1.7 respectively (Lavoie et al., 2013; Tsui et al.,
2019), which is showing higher biomagnifying effect of MeHg
than other trace elements along the food webs. While some
previous studies reported biomagnification of some trace
elements (Campbell et al., 2005; Majer et al., 2014; Ward
et al., 2012), direct comparison with our findings is not
feasible because the species involved, the length of the food

webs, and the environmental parameters between habitats were
very different.

Our studied food webs mostly consisted of basal resources and
invertebrates (which accounted for 96% of all samples). Basal
resources such as biofilm and litter are important food sources,
especially for the herbivorous invertebrates (Cain et al., 2011). In
addition, the absence of essential regulatory and detoxification
mechanisms in vertebrates or efficient accumulation of essential
elements, such as Cu and Zn in invertebrates, contribute to the
presence of biomagnification (Nfon et al., 2009).

Trophic transfer of trace elements is not solely influenced by
concentration, but also by speciation, which controls their
bioavailability and the extent of biological assimilation (Tessier
and Turner, 1995). Cationic elements such as Cu, Zn, and Cd are
more bioavailable through the way shared with essential nutrients,
causing potential bioaccumulation and biomagnification
(Szynkowska et al., 2018).

The opposite of biomagnification, biodiminution, was present
for As in the aquatic food web only, which was similar to the
previous findings in freshwater food webs (Chen and Folt, 2000).
One possible explanation is related to the homeostatic control that
the trace element concentration is maintained to a certain level

FIGURE 4
Correlation between trace elements by Spearman’s Rank Correlation Test, where blue and brown points represent the stream and forest
ecosystems, respectively.
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(Nfon et al., 2009) regardless of the food source. It is more
commonly found in organisms at higher trophic level,
invertebrates. More details of past studies on trace element
trophic transfer can be found in Supplementary Table S4.

In contrast to Cd, Cu and Zn, As largely occurs as oxyanions
which are less efficiently and rapidly excreted by organisms,
especially its organic form (Garbinski et al., 2019; Michopoulos,
2021), hence, it does not favor the occurrence of bioaccumulation
and biomagnification (Campbell et al., 2005). In organisms,
especially invertebrates, the absorbed As is preserved in organs
like muscle and exoskeleton that reduce the possibility of trophic
transfer as limited by the body growth (Nfon et al., 2009) or mobilize
them in the form that cannot disrupt the essential biological
function (Hopkin, 1989). When comparing the slopes of the
regression lines between habitats, no significant variation was
found among all trace elements, (ANCOVA, p > 0.05). Habitats
difference does not influence the difference in TMF, the extent of
biomagnification.

As exists mainly as inorganic oxyanions (arsenate AsO4
3- and

arsenite AsO3
3-) in aquatic ecosystems, and thus As species are taken

up less efficiently than cationic metals and are often rapidly
metabolized into less toxic organic forms (e.g., arsenobetaine and
arsenosugars) that are readily excreted, potentially leading to
biodiminution in aquatic food webs (Garbinski et al., 2019;
Kabata-Pendias, 2010). In upland forest soils, As (III) decreases
on the forest floor by transforming it into the methylated forms and
thus detoxifies the As content (Michopoulos, 2021), allowing higher
As excretion, especially to those soil invertebrates and fungi, where a
lower As concentration was observed in those detritivores (Figure 3).
Further to that, an inconsistent trend between habitats suggested
that As may not be efficiently retained in aquatic insects, limiting the
contaminant transfer to the terrestrial ecosystems unlike cationic
metals. Hence, As showed a contrasting trophic transfer between
different environments, where As biodiminishes along the aquatic
food web but showed insignificant relationship with trophic position
in the forest food web.

Interelement relationships

From the median value (µg g-1) of the metal concentration in all
samples, Zn showed the highest concentration in both habitats
(Stream: 94.3 ± 46.5; Forest: 96.6 ± 47.8), followed by Cu
(Stream: 20.0 ± 12.6; Forest: 20.9 ± 11.8), As (Stream: 2.0 ± 1.7;
Forest: 2.5 ± 2.0) and the lowest were found for Cd (Stream: 0.2 ±
0.09; Forest: 0.2 ± 0.1). Zn and Cu are essential elements while the
remaining two are non-essential. Therefore, it is obvious that the
concentration of essential elements found in the samples should
have a higher value as they are important components for
metabolism. Zn significantly has a higher concentration than Cu,
and Zn is considered to be much less toxic than Cu (Clements et al.,
2013; Loureiro et al., 2018). Indeed, Cu could affect the
decomposition and metabolic rates, especially in shredders
(Loureiro et al., 2018) while Zn is more available in the
environment (Rainbow, 2007).

To explore the relationship between trace elements, Spearman’s
rank correlations tests were performed, indicating that a significant
positive correlation exists among Zn, Cu, and Cd in both habitats

(Figure 4; Supplementary Table S5). LogCu-LogCd had the highest
coefficient (r = 0.718, 0.847 in stream and forest, respectively) while
the value was the lowest in LogCu-LogZn (i.e., inter-essential-
element) relationship (r = 0.441, 0.684 in stream and forest,
respectively). Cu (Cu2+), Zn (Zn2+), and Cd (Cd2+) are all
cationic trace metals. They could be mainly assimilated through
similar transporters (e.g., calcium channels). This shared pathways
may explain the positive intercorrelation and suggests that once they
are bioavailable in ionic forms, organisms could accumulate them
more efficiently (Marchetti, 2013). The non-essential metal Cd can
mimic Zn and Cu, having the uptake and binding pathways similar
to those of essential metals by competiting for transporters or
metallothionein binding (Leavitt et al., 1979), potentially
strengthening the interaction and metal transfer between habitats.

Metals interact in two ways, including antagonism and the
stimulation of intake, which affects the amount available in the
organisms (Luoma, 1983). Antagonism, the reduced effect (e.g.,
toxicity) due to the combination of two agents (e.g., metals) has been
reported in previous studies (Olszowy-Tomczyk, 2020). Such a
phenomenon has been found between Hg and Cd in crabs; Cu
and Pb in phytoplankton (van Hattum et al., 1991). On the other
hand, one metal bioaccumulation could be enhanced by the other
metal through the production of binding sites, for example,
metallothionein, as a result, both metals are more elevated
(Rainbow, 2002). For example, a study on cephalopods by
Bustamante, (1998) showed that metallothionein highly attracted
Cu in regulating Zn.

Summary

Although it is generally assumed that trace element (except
MeHg) biomagnification does not exist commonly in nature (Gray,
2002), our study shows that such a phenomenon may be more
common than expected in natural food webs. From our analyses, Cd,
Cu and Zn biomagnify in both freshwater and terrestrial food webs
while only As biodiminishes in the freshwater ecosystem, with the
latter being similar to the findings to a previous lake food web study
(Chen and Folt, 2000) and showed a contrasting pattern in the
terrestrial food webs. Our study adds to the growing number of
investigations reporting biomagnification of Cu, Zn, and Cd in
freshwater and terrestrial ecosystems (Croteau et al., 2005;
Ikemoto et al., 2008).

Apart from species or individual-specific variation
(i.e., metabolic rate, etc.), the element itself, for instance, the
environmental bioavailability and speciation, as well as external
input, such as the presence of biofilm or cross-habitat transfer, are
possible drivers determining the trophic transfer of these pollutants
in the natural environment, either biomagnification or
biodiminution or neither nor them.

The extent of biomagnification or biodiminution could be
influenced by a number of factors. These variations can be
attributed to i) variations of metal bioavailability across
environmental conditions (e.g., temperature, pH, etc.) and habitat
types; ii) different physiological strategies among organisms to
accumulate and regulate trace elements including such as storage
and excretion (Rainbow, 2002); and iii) interspecific and
intraspecific differences in physical and biological differences
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such as sex, body size, feeding preference, etc. (Augusto et al., 2022).
Regarding the comparison between habitats, transfer of energy and
nutrients can exist between aquatic and terrestrial habitats (Baxter
et al., 2005), however, we are deemed to be of minor contribution for
trace elements, especially As, which did show a consistent trend
between habitats.

For future studies, we strongly suggest to 1) increase the sample
size or inclusion of vertebrates, 2) explore the influence of
environmental factors, and 3) examine the role of chemical
speciation of different trace elements across habitats to make a
more comprehensive analysis. This study establishes key baseline
investigation on trophic transfer of trace elements in aquatic and
forest food webs under an elevating global climate change and
anthropogenic influence.
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