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ABSTRACT. Mining activity is often responsible for the drainage of acid or metal-enriched waters to fluvial 
systems. The release of metals is especially disturbing due to the toxicity and persistence of these products and 
their accumulation in the biosphere. Hence, a systematic detection and delimitation of highly polluted floodplains 
and linkages between pollution and high-flow stages would likely assist the improvement of land management and 
ease the design of mitigation or rehabilitation measures. Here we test how trees growing in different geomorphic 
positions along a fluvial system uptake metal during floods and how these uptakes can be documented “a 
posteriori”. To this end, we apply dendrogeochemical analyses to twenty Pinus pinaster Ait. trees growing on the 
banks of Odiel River (south-western Spain) as well as to five reference trees growing outside the river channel. In 
the field, trees were sampled with a large-diameter (1 cm) increment borer. In the lab, tree-ring series were 
dendrochronologically cross dated and separated into 5-yr blocks, so that wood blocks contained the dates of major 
floods. Then, Inductively Coupled Plasma Mass Spectrometry (ICPM) was employed to evaluate toxic metal 
concentrations in trees. Results point to clear correlations between the accumulation of toxic metals and the 
geomorphic position of trees within the fluvial network. We show that morphological units along a river exert 
control on toxic metal concentrations in trees, with uptake being much higher in trees located on meander cut 
banks than in trees growing on point-bar structures. Besides, we detect chemical signatures in trees located farthest 
away from the main river channel after the largest floods, but not in the aftermath of smaller events. We conclude 
that tree position is the single-most important determinant for metallic pollution in an environment controlled by 
fluvial processes, but also find that more studies are still needed to determine linkages with individual floods and 
interactions of metal uptake in roots via the water table in the river corridor. 

 

Árboles como indicadores de la contaminación metálica inducida por la minería a lo largo 
del río Odiel (sur de la Península Ibérica) 
 

RESUMEN. La actividad minera es responsable de vertidos de aguas enriquecidas con ácidos y metales. La 
liberación de metales es especialmente preocupante debido a su toxicidad y persistencia en los ecosistemas. La 
detección y delimitación sistemática de zonas contaminadas en la llanura de inundación puede contribuir a una 
mejor gestión de dichas zonas en relación con el ciclo hidrológico. En este trabajo se analiza si los árboles, que 
crecen en diferentes posiciones geomorfológicas, registran la absorción de metales durante eventos de 
inundaciones. Para ello, se aplicaron análisis dendroquímicos a veinticinco ejemplares de la especie Pinus pinaster 
Ait. que crecen en las orillas del río Odiel (suroeste de España). También se analizaron cinco árboles de referencia 
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que crecen alejados del cauce del río. Los árboles fueron muestreados con una barrena de Pressler (diámetro 1 cm) 
y las muestras fueron dendrocronológicamente fechadas, aislando bloques de 5 años que coincidían con eventos 
de inundaciones. Las concentraciones de metales tóxicos en muestras de árboles se midieron en dichos bloques 
mediante espectrometría de masas de plasma (ICPM). Los resultados revelan una clara correlación entre la 
acumulación de metales tóxicos y la ubicación geomorfológica de los árboles. La absorción de elementos metálicos 
fue mucho mayor en los árboles ubicados en el banco de orilla que en los árboles que crecen en las barras de 
sedimentos. Por otro lado, en los árboles más alejados del canal principal del río solo detectamos señales químicas 
después de las mayores inundaciones, pero no después de eventos más pequeños. Concluimos que la posición del 
árbol condiciona la señal dendroquímica asociada a procesos fluviales, aunque todavía se requieren más estudios 
para discernir los vínculos con eventos de inundaciones. 
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1.Introduction  

The incorporation of metallic pollutants in the hydrological cycle poses major environmental 
problems, with very direct impacts on living organism and human population worldwide (Foster et al., 
1996; Ali et al., 2019). Anthropogenic activities, such as mining, have been hold responsible for the 
drainage of acid and metal-enriched waters, thereby contaminating river ecosystem downstream of their 
source as a result of the weathering of exposed minerals or tailing dam failures (Robles-Arenas et al., 
2006; Rico et al., 2008). The release of metallic pollutants is particularly disturbing as they are typically 
highly toxic, persist, and as they have the capacity to accumulate in organisms and thus will ultimately 
end up in the food chain (Tchounwou et al., 2012). Even if multiple mining activities can be traced back 
easily into Roman times in the Old World (Hong et al., 1996; Nriagu et al., 1996; Ballesteros-Canovas 
et al., 2017), the recent industrialization has prompted a decentralized demand of metals for different 
purposes, with an unprecedented increase in legal and illegal mining activities worldwide (Banchirigah, 
2008; Obeng et al., 2019). 

In fluvial ecosystems, tracing metallic pollutants is essential for a proper management of 
sediments containing heavy metals and to limit harmful effects farther downstream in the river system 
(Hürkamp et al., 2009). One can reasonably anticipate that over the decades to come, mining activities 
will likely increase due to the ever-increasing demand of metals and rare earth elements. In addition, 
climate change has been demonstrated to enhance the hydrological cycle, which in turn could lead to 
more floods and again increase the spread of pollutants in river systems (Foulds et al., 2014). To 
adequately cope with these environmental issues of rising concern, it is essential to adopt adaption 
strategies at various levels: At the European level, the European Commission has issued two directives 
(2000/60/CE and 2006/11/CE) defining the obligation to evaluate and monitor the chemical status of 
water bodies in all member states. National governments have therefore put protocols in place through 
which water or sediment samples can be collected and analyzed ad hoc (Islam et al., 2015) with 
spectrophotometry, chromatography, or mass spectrometry (Fifield and Haines, 2000). These methods 
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allow replicability and consistency of analyses over time, but they remain limited to the time period 
covered by sampling. 

Long-term chemical records could instead contribute to a better identification of long-term 
trends in chemical concentrations and their linkages with environmental changes (Corella et al., 2017; 
Bing et al., 2016), but data does not readily exist so far. In this longer-term context, tree-ring series 
could become an interesting alternative as they can extend the time window covered by analysis farther 
back in time and thereby offer valuable insight into the temporal evolution of chemical compounds over 
decades to centuries (Cutter and Guyette, 1993). In addition to their longevity, the seasonal growth and 
dormancy of trees would also allow analysis with intra-annual resolution. Tree-ring series can also help 
in the creation of chronologies of environmental processes (Schweingruber, 2007), and thus assist 
determination of changes in chemical composition of soils and trees in the past (Smith and Shortle, 
1996; Kabata and Pendias, 2001). Dendrochemistry deals with the analysis of trace elements in tree-ring 
series by assuming that a tree-ring represents the environmental chemistry of the year in which it was 
formed (Wright et al., 2014). As such, the discipline has lately evolved into a sub-branch of 
environmental forensic research (Balouet et al., 2009; Lageard et al., 2008; Stoffel et al., 2020) and now 
contributes to the understanding of physiological processes controlling uptake, transport and 
sequestration of chemical elements in the secondary xylem (Cutter and Guyette, 1993). 

The potential of dendrochemistry in tracing historic pollution has gained in interest, primarily 
also in catchments where human-induced mining has led to contamination of rivers. Pioneering studies 
in the field go back to the 1970s when Sheppard and Funk (1975) found that Pinus ponderosa trees 
growing next to Spokane River (Idaho) can be employed to monitor changes in metal ion concentrations. 
More recently, Yanosky et al. (1995) analyzed chloride concentrations in Taxodium distichum growing 
on the Cape Fear River freshwater estuary to date the onset of saltwater intrusions induced by ongoing 
sea level rise. Saint-Laurent et al. (2010) analyzed tree-ring records from Fraxinus sp. growing along 
the Massawippi and Saint-François rivers (Quebec) contamination of trees with heavy metals released 
by industry. Likewise, tree rings have been used to record groundwater contamination with chlorinated 
solvents (Yanosky and Vroblesky, 1992; Balouet et al., 2009), but also to identify metal concentrations 
in water downstream of mines (Witte et al., 2004). The ability of tree rings to record pollution depends 
on the nature (or type) of pollutant and the exposure of a tree to the source of pollution (Cutter and 
Guyette, 1993, Rodríguez-Martin et al., 2018). Besides, some trace elements have been demonstrated 
to behave like microelements in such a way that they can translocate within the tree and across ring 
boundaries, therefore preventing dendrochemical analyses at annual resolution (Hagemeyer, 1993). 
Despite these possible limitations, the analysis of the chemical signatures in tree rings has the potential 
to improve our understanding of past pollution trends in fluvial ecosystems, even more so as trees are 
often ubiquitously present in fluvial corridors and have discernible tree rings, which also enables them 
to record fluvial processes and floods (Ballesteros-Canovas et al., 2015).  

Here we test whether the accumulation of metallic pollutants in trees growing along a fluvial 
channel of the Odiel River is driven by their connectivity to the channel. We do so by analyzing trees 
growing at different positions with respect to the channel and that are affected by different magnitudes 
of floods. The study is based on the following premises: (i) temporal variations in metal concentrations 
in tree rings are in line with the historical development of mining activities upstream of the site where 
trees have been sampled; (ii) metals released into the river through acid drainage are absorbed by pine 
trees growing in the flood plain and contained in the rings of trees growing at locations where an 
interaction with the waters of Odiel River occurs; (iii) floods in a river impacted by mining drainage can 
be defined according to the concentrations of metals found in the tree rings (St. George et al., 2006). We 
assume that the application of dendrochemical analysis in trees affected by floods in the highly 
anthropogenic Odiel catchment will contribute to a better understanding of linkages between future 
floods and floodplain pollution. 
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2.Study site 

2.1. Geomorphic description 

Odiel River is located in the Iberian Pyrite Belt (IPB), in the Province of Huelva, southwestern 
Spain (Fig. 1). The watershed has an area is 2333 km2 and the river flows on permeable bedrock over a 
distance of 140 km (Buzzi Marcos, 2012), i.e. between the Sierra de Aracena and the estuary of the Ría 
de Huelva (a UNESCO Biosphere Reserve, listed since 1983). The Odiel Basin contains three geological 
domains: in the uppermost part of the watershed, plutonic and metamorphic rocks (i.e. sericite schists, 
granites, gneiss, quartzites, marbles, and tuff) of the Upper Precambrian to Devonian can be found. In 
its middle part, bedrock is formed by volcanic and sedimentary rocks of the Iberian Pyrite Belt, locally 
known as the “PQ Group” (phyllite and quartzite group), the “Volcanic-Sedimentary Complex” (i.e. 
shales, greywackes, acid to basic volcanic and volcanoclastic rocks), and the “Culm Group” composed 
of flysch-like sequences of shales and greywackes belonging to the Upper Devonian to Middle 
Carboniferous. The lowest and southernmost portion of the basin is composed of siliciclastic materials 
of Miocene age (i.e. sands, silts, and clays) (Silva et al., 1990).  

The volcanic-sedimentary complex holds enormous amounts of massive sulphides, forming one 
of the biggest polymetallic sulphide mining districts in the world (Leistel et al., 1998). These sulphides 
have been exploited for centuries, and more than a hundred mining sites can be found along Odiel River, 
corresponding to about 200 million m3 of sulphide-rich mine waste (Pérez López et al., 2011). Even if 
mining activities have ceased almost completely today, surficial weathering of pyrite-rich minerals still 
generates a continuous flow of acid mine drainage (AMD) into Odiel River. This drainage is responsible 
for low pH values and an increase of dissolved metal concentrations (Fig. 1B) (Borrego, 1992; 
Braungardt et al., 1998; Buzzi Marcos, 2012). 

 

 
Figure 1. A) Location of the river reach analyzed along Odiel River. B) Metal-enriched waters in the Odiel 

River at Puente de los Cinco Ojos bridge. C) Localization of the five sampling sites along Odiel River 
(source: GoogleEarth). 
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The Odiel River flows in a channel with a changing floodplain lithology and is characterized by 
low sinuosity but considerable lateral mobility, thereby favoring the development of sandbars along its 
course, as typical for bedload transport stream. The channel often diverts into different paths, forming 
braided side channels that are separated from each other by sandy and gravelly bars. The flow path is 
mostly linear, with smaller changes occurring where the Odiel River crosses rocks of differing 
competence. Flow is also controlled by walls from historic watermills, causing water diversion while 
favoring the retention of sediment. In its lower part, the Odiel River forms an estuary in which saltwater 
fluxes are controlled by tidal processes.  

Climate in the study area is Mediterranean. Annual average precipitation is 617 mm, whereas 
mean annual temperature is 18.5°C, oscillating from below 0°C in winter to more than 40°C in summer. 
Vegetation is typical of Mediterranean sclerophyllous forests with several oak (Quercus suber, Q. ilex, 
Q. faginea) and conifer (Pinus pinaster and P. pinea) species accompanied by Mediterranean shrubs. In 
the Odiel catchments, allochthonous species are present as well, in particular eucalypts (Eucalyptus 
globulus and E. rostrata) (Cánovas, 2009). The riparian zone is characterized by acidophilic algae 
typical for mining environments (Euglena mutabilis and Klebsormidium sp., Grande et al., 2016).  

River flow has been measured close to the estuary (1980-2011), at Gibraleón (lat: 37.3° N, long: 
-6.97° W), but the time series is highly fragmented with important data gaps. Highest discharge was 
typically observed in December and January, corresponding to the passage of Atlantic storms, whereas 
low runoff wass commonly found during dry summers. The rocky substrate of the Odiel catchment 
makes the river very reactive to any changes in precipitation: In January 1996 and December 2009, 
floods were triggered after intense rainfall over the study region, as reported by Morales et al. (2005) 
and Galván (2012); these events were also recorded partly by the gauge records. In the context of this 
study, we selected these two floods for the evaluation of their effects on metal concentrations in tree 
rings. 

 

2.2. Mining history in the Odiel catchment 

Archaeological evidence allows tracking back incipient mining activity for more than 4500 
years (i.e. to the Copper Age; Grande et al., 2016). Since the Bronze Age and until the 6th century BCE, 
Tartessians, Phoenicians, and Carthaginians exploited the mines in the Sierra de Aracena to extract lead, 
silver, and copper (Galván, 2012). Since the arrival of the Romans in the 3rd century BCE, mining of 
copper, silver, and iron gained momentum as new technologies evolved, leaving several million tons of 
slag after the melting of minerals at the mining sites (Galván and Olías, 2015; Grande et al., 2016). 
Activity gradually slowed down thereafter to disappear completely during the 5th century CE. During 
the Middle Ages, iron mining resumed in the area, especially during the Visigoths (5th to 8th centuries) 
and Arabic reigns (8th to 15th centuries). At the end of the 18th century, mine exploitation gained again 
in importance as a result of relevant technological advances; it was fueled further by Industrial 
Revolution in the 19th century (Grande et al., 2016). The demand for raw materials during this time was 
in fact important: copper was used for electrical industry, whereas sulphur was relevant to extract 
sulfuric acid used in chemical industry. Ever since, the revival of large-scale mining, supported by the 
appearance of the railway industry, triggered the export of raw materials from the IPB to most European 
countries (López et al., 2008; Grande et al., 2016). During the second half of the 20th century, 
exploitation benefited from the reconstruction of infrastructure after the end of World War II. However, 
with the gradual but steady decline of copper prices on the market, environmental regulations of the 
European Union and the depletion of raw materials in various mines, activity slowed down again 
substantially and gradually disappeared from the area in the 1990s (Galván, 2012). 

The mines remained abandoned for almost twenty years, but recently, international companies 
have explored possibilities to resume exploitation of certain historical mines in the IPB, and particularly 
in the Odiel Basin (Galván, 2012). These re-openings take place in a normative context that is quite 
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different from that in place during the 20th century, and companies are now subject to legal obligations 
and the realization of Environmental Impact Assessments, as prescribed by the National Environmental 
Assessment Act (Law 21/2013), in application of the European Directive 2014/52/EU. 

 

3.Material and methods  

3.1. Sampling and tree-ring dating 

Tree-ring sampling along Odiel River was realized in early 2018 in the locality of Sotiel 
(Huelva, Spain). To test the influence of tree position on metal uptake, twenty trees were sampled at 
different positions within the river reach, i.e. at sites characterized by a straight channel and at sites 
characterized by meanders. Figure 2 provides insights into the sampling strategy and shows the sites 
that have been sampled: Trees from SOR (37.58°, -6.84°) and COR (37.59°, -6.84°) grow in straight 
channel reaches, whereas those selected at HUN (37.59°, -6.84°) and ESC (37.60°, -6.83°) are located 
on point bars and cut banks, respectively, in a reach characterized by meanders.  

 

 
Figure 2. Trees sampled at different distances from the main course of the Odiel river at the four sites 

investigated: SOT, COR, HUN, and ESC. At the reference site (REF), tree selection was random. 

 

In addition, we sampled five trees growing in the same area, but without any connection with 
the river, so as to use them as reference trees representing undisturbed growth (REF, 37.59°, -6.84°). 
Sampling was performed with increment borers of differing size. We used a 5-mm increment borer (i.e. 
inner diameter) to extract cores from the reference trees and to perform standard tree-ring dating. We 
also used a 10-mm increment borer to get increment cores for chemical analysis. To avoid contamination 
during sampling, the increment borers were cleaned with a metal-free oil before alcohol (at 70°) was 
used for further cleaning. Once the samples extracted, cores were stored plastic tubes filled with milliQ 
water and frozen at –20°C until they were analyzed in the lab. In the field, additional information was 
recorded for each tree analyzed, such as tree diameter and its exact location (GPS). 

In the lab, all samples were mounted on wooden supports, sanded with increasingly finer grit 
and then polished following standard dendrochronological procedures (Ballesteros-Canovas et al., 
2015). Then, we carried out a visual reconnaissance and performed skeleton plots to evaluate the 
representativity of samples. Afterwards, tree-ring widths were measured with a LintabTM measurement 
device connected to TSAP-Win software. We employed the cross-dating index (CDI) – a combination 
of the Gleichläufigkeit index (GLK) and Student’s t-value test – to evaluate reliability of the cross dating 
between annual tree-ring chronologies (Rinn, 1996). 
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3.2. Sample preparation and analysis by inductively coupled plasma mass spectrometry (ICP-
MS)  

The cores sampled with the 10-mm increment borer were prepared for chemical analysis and to 
quantify the evolution of metal uptake over time. To maximize the material available from each sample 
used for ICP-MS, we cut tree rings into blocks of 5 years: 1978–82, 1983–87, 1988–92, 1993–97, 1998–
2002, 2003–07, 2008–12, and 2013-17. In addition, we assessed the impacts of floods by preparing 4-
year blocks prior and after the main floods in 1996 and 2009. Analysis of metal concentrations was 
adapted from Watmough and Hutchinson (2003): Samples were weighed after drying at 60°C for 72 h, 
before they were calcined at 400°C for 6 h. The resulting ashes were then weighed again and dissolved 
in 1 ml of nitric acid supra-pure (65% HNO3) for 24 h. Ashes were then dissolved in 9 ml of ultrapure 
water. Metal concentrations were analyzed by inductively coupled plasma mass spectrometry (ICP-MS, 
model 7700x, Agilent technologies, Morges, Switzerland) and multi-element calibration with certified 
standards (Certipur ICP multi-element standard VI Reference Material, Merck KGaA). Accuracy of the 
measurements was checked by BCR®-482 Certified Reference Material (Lichen).  

 

3.3. Statistical analysis 

Results from the ICP-MS analyses were analyzed statistically using visual and descriptive 
approaches, including the analysis of linear trends and matrix correlation at 95% least significant 
difference (LSD), with the aim to identify linkages between metal uptake as a function of the 
vertical/horizontal distance of trees from the main channel of Odiel River. We also employed principal 
component analysis (PCA) to distinguish patterns associated with the analyzed sites. Finally, to 
determine whether metal uptake was statistically significant after the main floods events, we carried out 
non-parametric Wilcoxon tests (Sprent and Smeeton, 2001) at 95% LSD. 

 

4.Results and discussion 

4.1. Temporal evolution in the uptake of metallic pollutant in trees 

Average age of analyzed trees was 49±11 years. The reference chronology and the trees sampled 
along the Odiel River cross-dated successfully with an average Gleichläufigkeit (GLK) of 65 and a 
cross-dating index (CDI) of 20. The PCA points to the presence of two main groups of elements present 
in samples that account for 58% of the variance (Fig. 3A): the first group (37.8%) is formed by Ag, Cd, 
Co, Mn, and Zn whereas the second group (20.2%) contains Al, Cu, Cr, Fe, Mo, Ni and V. In the first 
group, Mn, Cd and Co are highly correlated and contribute significantly to the PCA, whereas the 
contribution of Zn and Ag is more limited. In the second group, Mo and Fe are overlapping, confirming 
a strong correlation between these two elements. Cr, Ni and V show similar distributions, whereas the 
contribution of Cu is significantly lower if compared to other elements in the group. Interestingly, Pb 
does not contribute to any factor and appears isolated from the other elements, suggesting that its 
presence in trees is related to causes other than river contamination. The first group of elements is 
characterized by a centripetal pattern, with higher concentrations towards older rings, whereas the 
second group shows a centrifugal pattern, with higher concentrations towards the youngest rings (Fig. 
S.1). Fig. 3B shows the temporal evolution of average metal accumulation at each of the sites, including 
the reference site. Overall, Al, Ni, and Cu show the smallest changes over time at all sites and generally 
remain below the 25th percentile (i.e. changes <28%). By contrast, Zn, Ag or Cd show much larger 
changes over time, exceeding the 75th percentile on average (>42%).  

Several environmental and physiological factors can explain the distribution patterns of metallic 
pollutants we observe in the analyzed trees. It is possible that the concentration of elements at the site is 
controlled by translocation processes between the sapwood and the heartwood (Meerts 2002; 
Scharnweber et al., 2016). Although analysis was constrained mostly to sapwood in our study, we 
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observed an increase in the concentration of metals toward the limit between the sapwood and the 
heartwood (Fig. S.2), particularly for Cr, Mn, Fe, Ni, Mo, Ag, and Pb, and to a lesser degree for Al, V, 
Co, Cu, Zn, and Cd as well. Similar trends in metal concentration between the sap- and heartwood were 
described previously (Watmough and Hutchinson, 2002; Hagemeyer and Schäfer, 1995; Prohaska et al., 
1998) and interpreted as a detoxification process induced by the storing of phytotoxic elements in dead 
heartwood cells (Donnelly et al., 1990). Likewise, correlations between elements could also be 
explained by physiological factors as Fe, Zn and Mo as they are involved in different physiological 
processes (Nobel, 1999), In particular, Mo will depend on Fe for its assimilation, as well as on Cr and 
V (Hänsch and Mendel, 2009). Interestingly, Fe is generally considered as an element with low mobility 
in xylem (Prohaska et al., 1998), which would imply that the tendencies observed in trees would indeed 
depend on environmental factors, probably linked to the acidification of soils (Kabata and Pendias, 
2001). Moreover, we find that Zn shows an irregular pattern, in agreement with observations made in 
previous studies focusing on Pinus strobus (Doucet, 2011), Acer pseudoplatanus (Watmough and 
Hutchinson, 1996) or Quercus robur (Hagemeyer, 1995). The fact that Zn is bioavailable to plants in its 
soluble form suggests that these variations could also be linked to the acid drainage of Odiel River. This 
assumption can be supported with results from the reference trees (REF) for which we could not find 
comparable variations in Zn or Co concentrations. 

Results thus clearly evidence that mining activities upstream of the study sites are the main 
source of metallic pollution recorded in the analyzed trees. Therefore, and even if the most intense period 
of mine exploitation ceased in the 1990s, activity has resumed recently with a production of 4.6 million 
tons of Co and Zn annually. At the study site, metallic sulphide weathering occurs rapidly when these 
minerals are exposed to air, thereby releasing sulphates into running water bodies and lowering their pH 
values (Nordstrom and Alpers, 1999). As a consequence, the pyrite weathering products precipitate on 
the banks of the Odiel River in the form of complex sulphate crusts and efflorescence, and they change 
their composition during the meteorological year, following a well-known mineralogical evolution 
controlled by climatic and geomorphic factors (Buzzi Marcos, 2012). The mineral uptake that we 
identified in trees is in line with results from the chemical signature of sediments analyzed with 
spectroscopy (using hyperspectral sensors), and both processes are causally related to mine waste 
deposits. Analysis of hyperspectral time series can assist in the detection of changes in precipitated 
crusts and efflorescence along the flow path of Odiel River, thereby evidencing that the mine at Sotiel 
is indeed a notable source of acid mine drainage to the Odiel River (Buzzi Marcos, 2012; Buzzi et al., 
2014; Riaza et al., 2017).  
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4.2. Effect of the geomorphic position of trees on metal accumulation in trees 

Figure 4A shows significantly negative (p<0.05) correlations between metal concentrations and 
the position of sampled trees, such as their distance to and height above the river channel: the greater 
the vertical and horizontal distances from the river, the lower the metal concentrations measured in the 
tree-ring series. The graph also shows that most elements are significantly positively correlated among 
each other, especially in the case of Fe, Cr, V, Ni, and Mo (r> 0.5). Mn is the exception to the rule and 
shows a negative correlation with Fe and Mo – as is Pb because it did not correlate with any other 
variable. 

 
Figure 4. A) Correlations between metal concentrations in trees and the horizontal (dist) and vertical (height) 

distance of sampling sites from the channel. B) Principal Component Analysis of the element concentration 
measured in grouped trees at each sampling site. 

 

Figure 4B illustrates results of the PCA with elements measured in trees classified by sampling 
site. By applying a Monte Carlo permutation test to this ordination, we show that 23.7% of the variability 
described by the PCA can be explained by fluvio-geomorphic differences between the sites (p-value = 
0.001). Overall, the highest metallic concentrations were found in trees growing on the cut banks of the 
meandering river reach (ESC). The distribution of concentrations was, by contrast, similar for trees 
growing in straight reaches (SOT and COR), whereas trees growing on the point bar of the meandering 
reach (HUN) showed lower concentrations. The reference site (REF), located on a nearby hillslope and 
thus without any connection to the channel network, showed the smallest metal concentrations.  

The negative correlations between the horizontal and vertical distances of trees from the channel 
and metal concentration uptake support the initial assumption that the connectivity of trees to the fluvial 
system will control metal concentration uptake, resulting not only in lower, but also in more stable levels 
of metal concentrations in trees growing at REF. Results thus evidence a gradient of exposure of trees 
to metals transported by the river, and confirm findings of Madejón et al. (2004) stating that metal 
concentrations in Populus sp. growing in contaminated riparian zones of the Guadiamar River (southern 
Spain) were higher than in trees growing in unaffected neighboring areas. Moreover, our results are in 
line with observations of St. Laurent et al. (2009) by showing that the distance between analyzed trees 
and the channel plays a major role in contaminant assimilation.  

In this study, we also provide insights into the effect of fluvio-geomorphic positions on metallic 
concentrations in trees: Whereas trees growing in straight channel reaches (i.e. sites COR and SOT) 
showed comparable metallic concentrations in their xylem, a clear difference was observed between the 
cut bank and point bar in the meandering reach, with higher metallic concentration found in those trees 
growing on the external side of the meander. This finding was unexpected insofar as sediments located 
on the inner side of a meander were generally thought to serve as reservoirs for metallic elements (e.g., 
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Ciszewski, 2004; Ciszewski, 1998). On the other hand, the acidity of water (or at least its permanent 
proximity) may have played a key role favoring the release of metals from sediments to the water 
column, thereby increasing their solubility and mobility, which could then lead to enhanced 
bioavailability. Indeed, elements in acid rivers were shown to be present in a bioavailable ion form and 
could thus have been assimilated more easily by plants (Buzzi et al., 2014; Riaza et al., 2017). In 
addition, even if deposited sediments may contain significant quantities of metals (Morillo et al., 2002), 
the latter could form complexes with humic compounds or the clays contained in river sediments. If so, 
it would be possible that metal ions will be retained in a form that is not bioavailable to plants (Nobel, 
1999).  

 

4.3. Effect of floods on metal accumulation in trees 

To analyze the effect of floods on metal uptake, blocks of five consecutive rings were prepared 
around the two major floods of 1996 and 2009. Sample COR4 was discarded due to fragmentation and 
the lack of sufficient wood material for analysis. Table 1 compares average metal concentrations 
observed in trees based on the Wilcoxon-test. We observe enhanced metal accumulation in trees located 
farther away from the channel (i.e. trees 4 and 5), especially after the flood of 2009 (p < 0.05). At the 
same time, data does not point to significant changes in the accumulation of metallic concentrations 
after the 1996 flood. Figure 5 therefore shows a dissimilar trend of element concentrations before and 
after floods with concentration of Cu, Zn and Pb being lower (higher) after the 1996 (2009) floods. 
Although not significant, larger relative changes in metal concentration were observed for Cr, V, Mo 
and Fe (>75th percentile) after the 1996 flood, whereas lower concentration were observed for Cu, Zn, 
Ag, Pb (<25th percentile). By contrast, after the 2009 flood, larger relative changes in metal 
concentrations were measured for Cu, Zn, Cr, Pb (>75th percentile), whereas lower concentrations were 
measured for Ag, Mn, and Cd (<25th percentile). These results imply a dissimilar response of trees to 
floods in terms of metal concentrations. 

 

Table 1. Mean metallic concentrations before and after the 1996 and 2009 floods given as p-values obtained 
with Wilcoxon comparison tests (measured in 4-year blocks prior to and after the floods). 

1996 Trees p-value 

REF All 0.05759  

SOT, COR, HUN, ESC 1-3 0.4706  

SOT, COR, HUN, ESC 4-5 0.2319  

2009 Trees p-value 

REF All 0.5206  

SOT, COR, HUN, ESC 1-3 0.7978  

SOT, COR, HUN, ESC 4-5 0.000668  
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Figure 5. Response of element concentrations in trees after the major floods in the Odiel River in 1996 and 

2009. 

 

The assessment of rings in blocks of five before and after the events was realized with the idea 
to minimize translocation of elements through the xylem (Cheng et al., 2007), but also because a certain 
lag in the chemical response of trees to contamination has been described in the literature (Hagemeyer 
et al., 1992; Hagemeyer, 1995; Hagemeyer and Lohrie, 1995; Kabata and Pendias, 2001; Balouet et al., 
2009). In the past, several studies analyzed chemical signatures based on aggregate measurements in 
consecutive tree rings so as to minimize the effects of translocation processes (Hagemeyer et al., 1992), 
as the latter are commonly considered to prevent interpretation at annual timescales (Guyette and Cutter, 
1994). 

The influence of floods on tree-ring records has been postulated by St. George et al. (2006) in 
his analysis of element concentrations in Quercus macrocarpa Michx. affected by persistent floods in 
the Red River (Canada). The authors did not find a clear and consistent chemical signature in the growth-
ring records of trees that could be related to floods, but observed lower concentration of Mg, Mn and Sr 
in trees after the largest 20th century flood. More recently, St-Laurent et al. (2009) found anomalous 
concentrations of As, Cd, Cu, Ni, and Zn in riparian trees, and linked increased concentrations to floods 
along the Massawippi River (Canada), suggesting that floods were an important agent in transporting 
and depositing contaminants along the floodplains. In our study, we documented significant differences 
in element concentrations in those trees located far away from the channel after the 2009 flood but did 
not find comparable changes after the 1996 flood. Like St. George et al. (2006), we measured lower Mn 
concentrations in trees after the 2009 flood. Similar to St. Laurent et al. (2009), we found higher Cu, Ni, 
and Zn concentrations after the 2009 flood, but also realized that Cd showed invariant behavior. 
Interestingly, the response of Zn was not quite clear and even showed a completely opposite reaction 
after the 1996 flood. We explain these differences in response to the 1996 and 2009 floods by differences 
in flood magnitude, as discharge during the 1996 flood (111.84 m3/s) corresponds to only c. 60% of that 
recorded during the 2009 flood (186.10 m3/s). We argue that changes in metal concentrations after the 
2009 flood can be explained by (i) the much larger connectivity between the main channel and those 
trees that are normally located far away from the river course and (ii) the mobilization of sediments 
transported by the flood to portions of the river corridor that are only activated by major events (St. 
Laurent et al., 2009). This assumption is supported further by the fact that trees at the REF site did not 
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exhibit any changes after the two floods. In our case, the low Mn concentration found in trees after the 
two floods cannot be explained as a secondary process in wood formation during anoxic conditions as 
found as a result of the permanent flooding of riparian vegetation over several weeks (St. George et al., 
2006), because, unlike Red River (Canada), the Odiel River is characterized by a quick hydrological 
response (Aguirre et al., 2003) and short-lived, almost flashy, flood episodes.  

Nonetheless, we cannot rule out the possibility that floods could also have an opposite effect on 
metal concentrations in tree rings. Floods could in fact mobilize and transport metallic elements and 
thereby affect trees located far away from the main channel, but also dilute metallic elements contained 
in soil by the simple supply of excessive precipitation and surface runoff as often observed in 
Mediterranean climates during floods. This mechanism could be particularly relevant for floods in 
autumn when the flush can mobilize efflorescences of soluble salts that have been deposited on the 
banks of Odiel River during the low water stages of the summer months. Besides, long-lasting rainfall 
events could saturate soils in the catchment and modify its pH (Norton, 1977; Riaza et al., 2012); these 
persistent rainfall events are indeed a typical cause of floods in the Atlantic basin (Benito et al., 1996; 
Ballesteros-Cánovas et al., 2018). On the other hand, changes in soil pH may affect the bioavailability 
of metallic pollutants and their uptake by trees (Augustin et al., 2005). This latter effect could be even 
more relevant in the current context of soil acidification in the study area, as illustrated by the Mn/Al 
ratio found in the xylem of the trees analyzed (Fig. S.3).  

 

5.Conclusions 

Anthropogenic activities result in an incorporation of metallic pollutants in the hydrological 
cycle, posing major environmental problems. In this study, we analyzed twenty-five P. pinaster trees 
growing along Odiel River, a Mediterranean stream that is highly affected by mining activities. Results 
of the dendrochemical analysis of trees growing in the river corridor were compared with reference trees 
growing at a site that has not been affected by floods. We hypothesized that P. pinaster trees show a 
chemical signature that is controlled by the magnitude of floods and the fluvio-geomorphic position of 
trees within the river corridor. We conclude that the fluvial position of trees and their horizontal and 
vertical distance from the river channel determine metal accumulations found in trees. We observe that 
trees located farther away from the fluvial channel show a significant response to the 2009 flood, but 
trees lack a clear signal after the 1996 flood, presumably as a result of the much smaller magnitude of 
the 1996 flood. Despite certain limitations, we also conclude that trees are valuable sentinels for toxic 
metals and herewith call for follow-up research to test such linkages, with the aim to determine metal 
uptake by trees in a way that it could soon support land management strategies in fluvial ecosystem 
affected by mining in various contexts worldwide. 
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Supplementary material 

 

 
Figure S1. Temporal evolution of the average concentration of each element in the five sampling sites. 
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Figure S2. Example of changes in element concentration in the interface between hearwood and 
sapwood (Tree # R3). In the left panel, peak in element concetrations can be seen in the border 
between sapwood/hearwood; while in the right pannel element concentrations tend to increase 

towards the pith from the sapwood / heartwood limit. 

 

 

 
Figure S3. Temporal evolution of the Mn / Al ratio (averages of all sites) 
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