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(2.1 ± SD1.5 g kg−1) and leaves the smallest. The Cl 
concentrations decreased from litterfall (0.52 ± 0.14) 
to the soil organic layer (0.12 ± 0.06), within the 
organic layer from top to bottom and further in the 
mineral soil (0.02–0.03) reflecting leaching losses 
and the retention of Cl in soil organic matter. The 
parent rocks (metamorphic sand to clay stone inter-
layering) contained 0.44 ± 0.20  g  kg−1 Cl. The veg-
etation stored more Cl (28 ± 17  g  m−2) than the 
organic layer (2.9 ± 3.1) and mineral soil (fine earth 
0–1  m, 22 ± 8.6) together. One meter of rock con-
tained up to 168  g  m−2 Cl. Wood production took 
up 0.36 ± 0.24  g  m−2  yr−1 Cl. Litterfall cycled 
0.55 ± 0.17  g  m−2  yr−1 Cl representing 86 ± 72% of 
the standing Cl stock in leaves (0.64 ± 0.50  g  m−2). 
The leaching potential of Cl− from leaves was 
likely < 10% of the reported Cl− bulk deposition of 
1.2  g  m−2  yr−1. There were no significant temporal 

Abstract 
Aims  Cl is a micronutrient mainly supplied via 
deposition of marine aerosols. We assessed the devel-
opment of Cl concentrations and stocks in plants and 
soils of a tropical montane forest far from a down-
wind ocean during two decades (1998–2019).
Methods  We measured Cl concentrations in solid 
samples with a new combustion-based method.
Results  The Cl concentrations in leaves of 17 tree 
species ranged 0.04–1.6  g  kg−1. Three tree spe-
cies showed Cl concentrations below the mini-
mum requirement of 0.2  g  kg−1. Twigs had the 
largest Cl concentration of all plant compartments 
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trends of Cl concentrations in leaves, litterfall, organic 
layer, and mineral soil.

Keywords  Bark · Leaching potential · Leaf · 
Litterfall · Organic layer · Rock · Root · Soil · Twig · 
Uptake

Introduction

Chlorine is an essential micronutrient for plants 
(Broyer et al. 1954; Marschner 2012), but Cl concen-
trations of plants and soil have less frequently been 
reported than those of other nutrients (Montelius 
et al. 2015; Svensson et al. 2021; 2023). One reason 
for the scarcity of solid phase Cl concentrations might 
be the lack of a routine method to measure them (Nei-
dhardt et al. 2022; Svensson et al. 2023). The avail-
able plasma-based ionization methods combined with 
absorption spectrometry require extensive sample 
pretreatment (usually digestions with strong acids) 
and have high detection limits. Colorimetric and elec-
trochemical methods, in contrast, show a good sensi-
tivity and selectivity, but their use is mostly restricted 
to aqueous solutions (Rössner and Schwedt 1983; 
Mello et al. 2013). More recently, combustion-based 
methods coupled to ion chromatography (Neidhardt 
et  al. 2022) or colorimetry (Svensson et  al. 2023) 
to determine total Cl concentrations in solid phases 
have been reported. However, a routine method with 
a similar efficiency as the modern elemental analysis 
systems for C and N is still lacking.

Chlorine regulates the activities of several 
enzymes e.g., as a cofactor for the oxygen evolu-
tion in photosynthesis. Chlorine stabilizes the elec-
tric potential of the cell membrane and regulates its 
pH gradient and electrical excitability. Moreover, 
Cl− balances the electric charge of cationic nutri-
ents. Chlorine also increases the water-use efficiency 
of plants, but excess uptake might reduce the N-use 
efficiency (Marschner, 2012; Wege et  al. 2017; 
Colmenero-Flores et  al. 2019). For most plants, the 
minimum requirements range from 0.2 to 0.4 g kg−1 
(dry weight) while Cl concentrations in plant tissue 
usually vary between 2.0 and 20  g  kg−1 (Marsch-
ner 2012; Wege et al. 2017; Colmenero-Flores et al. 
2019). Plants can even contain more Cl than required 
because Cl provides additional benefits for plants 
such as disease resistance and tolerance (Xu et  al. 

1999; Van den Hoof and Thiry 2012). Different to the 
early view that Cl− deposited from the atmosphere 
to forested ecosystems is little retained in the catch-
ment and hardly taken up by the vegetation (Eriks-
son 1955; Schlesinger 1997), recent work has shown 
that vegetation uptake substantially influences the Cl 
cycling (Montelius et al. 2015; Svensson et al. 2023). 
Moreover, Cl− can be incorporated in soil organic 
matter as organo-Cl compounds (Öberg and Sandén 
2005; Bastviken et  al. 2009; Montelius et  al. 2016). 
The natural chlorination of organic matter plays an 
important role in temperate and boreal soils which 
frequently contain more organically bound Cl than 
Cl− (Johansson et  al. 2003; Gustavsson et  al. 2012; 
Redon et al. 2013). One consequence of the incorpo-
ration of Cl into organic matter would be an increase 
in the residence time of Cl in the soil organic layer 
on top of the mineral soil (Vogt et al. 1986). Other-
wise, Cl− would be quickly leached, because of its 
weak retention in soils with dominating negative 
surface charge (Borggaard 1984; Wang et  al. 1987). 
Tree species, plant communities, and soil moisture 
contents influence Cl concentrations in soils and 
plants resulting in a pronounced small-scale hetero-
geneity of Cl concentrations (Montelius et  al. 2015; 
Svensson et  al. 2023). Up to now, most information 
about Cl concentrations in soils and plants of for-
est ecosystems originates from temperate and boreal 
sites (Montelius et  al. 2015; Svensson et  al. 2021; 
2023). In the only study of a subtropical forest, we are 
aware of, Asbury and McDowell ((McDowell, et al., 
1994)) estimated the annual Cl accretion into wood at 
0.01–0.03 g m−2 yr−1 based on Cl concentration data 
in subtropical and tropical tree wood published by 
Rodin and Bazilevich (1967).

Because Cl is an essential plant nutrient and plants 
can even take up more Cl than they need, there might 
be Cl− leaching from the canopy by rainfall. If there 
was substantial leaching of Cl− from canopy leaves, 
canopy interaction models used to estimate dry dep-
osition which rely on the assumption that Cl− is an 
inert tracer would be biased (Ulrich 1983; Staelens 
et  al. 2008). The use of canopy interaction models 
is necessary because more direct methods are labo-
rious, expensive, and frequently fail to mimic the 
scavenging structure of the forest canopy (Ulrich 
1983; Zhang et al. 2012; Mariraj Mohan 2016). Ear-
lier work had shown that temperate deciduous forests 
indeed show leaching in the phase of leaf senescence 
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and abscission in autumn with estimates ranging 
from 6% up to 50% of the annual throughfall flux of 
Cl− (Ulrich 1983; Thimonier et  al., 2008; Staelens 
et  al. 2008). In evergreen coniferous or subtropi-
cal forests, there was substantially less Cl− leaching, 
while up to now no evergreen tropical forest was 
studied (Staelens et al. 2008). It seems likely that in 
such forests Cl− leaching from leaves occurs less, also 
because Cl− belongs to the least easily leached ions 
from intact leaves of which < 1% of the total Cl con-
centration in leaves can be leached (Tukey 1970). One 
approach to estimate plant-internal retranslocation 
and leaching is the comparison of Ca-normalized Cl 
concentrations in leaves and leaf litterfall (Vitousek 
and Sanford 1986; Scott et  al.1992). Because Ca 
is a phloem-immobile nutrient in plants while Cl is 
comparatively phloem-mobile (Marschner 2012), 
plant-internal retranslocation and leaching result in a 
decrease of the Cl/Ca concentration ratios from fresh 
leaves to leaf litterfall (Vitousek and Sanford 1986; 
Scott et al. 1992).

The lower montane forest in the south of Ecuador 
on the rim of the Amazon basin is dominated by the 
easterly trade winds during most of the year. The dis-
tance to the Atlantic Ocean in downwind direction 
is > 2500 km so that the dominating winds carry lit-
tle sea salt (Makowski Giannoni et  al. 2016). Only 
between September and February, when the intertrop-
ical convergence zone moves to the south, northerly 
and westerly winds carrying sea salt from the equa-
torial Atlantic and the Caribbean in the north, and 
the Pacific in the west reach this forest (Makowski 
Giannoni, et al., 2016). In line with this, Wilcke et al. 
(2001) reported a bulk deposition of 1.2 g m−2 yr−1, 
which is lower than in forests closer to the Sea such 
as in Panama (3.5 g  m−2  yr−1, Cavelier et al. 1997), 
Jamaica (3.5  g  m−2  yr−1, Hafkenscheid 2000), or 
Puerto Rico (12.6  g  m−2  yr−1, McDowell 1998). 
Assuming that the deposited Cl− is the major source 
of plant-available Cl, it is likely that the tropical mon-
tane forest in south Ecuador is comparatively Cl-poor. 
If this was true, the ecosystem might accumulate the 
deposited Cl−, which should result in increasing Cl 
concentrations in plants and soils at the decadal scale.

We aimed to (1) establish and evaluate a novel, 
combustion-based electrochemical quantification 
method to determine Cl concentrations in plants and 
soils, (2) determine the Cl concentrations and stocks 
in soils and plants of a humid tropical montane 

forest, (3) evaluate if the Cl stocks in standing leaves 
and annual Cl fluxes with litterfall together with Cl/
Ca concentration ratios in leaves and litterfall can 
be used to assess the leaching potential of Cl− from 
leaves, and (4) assess if Cl concentrations and stocks 
changed in the past two decades. We hypothesized 
that (1) the new method with a simpler analytic pro-
cedure than previous methods reaches a comparable 
accuracy and precision as other available methods, 
(2) the study ecosystem shows a low bioavailability of 
Cl− and thus Cl concentrations in plants at the lower 
end of sufficient nutrition, (3) the leaching potential 
of Cl from leaves is low compared to the reported 
Cl bulk deposition of 1.2  g  m−2  yr−1 (Wilcke et  al. 
2001), and (4) the study ecosystem accumulated Cl 
from 1998 to 2018 reflected by increasing Cl concen-
trations in plants, litterfall, and soil with time. To test 
our hypotheses, we quantified total Cl concentrations 
and stocks in plant compartments (leaves, bark, twigs, 
roots), litterfall, organic layer, mineral soil and rock 
samples collected in several years between 1998 and 
2018.

Materials and methods

Study site

The study site is located in the Ecuadorian province 
of Zamora-Chinchipe (latitude 3°58’S and longi-
tude 79°4’ W). The core of the study site has been 
described in previous work as Microcatchment (MC) 
2 (e.g., Wilcke et  al. 2001, 2013, 2017), which is 
9.1 ha large, reaches from 1850 to 2200 m above sea 
level and shows 30°–50° steep slopes. Soil and plant 
samples were collected from the catchment and its 
near surroundings. Mean annual precipitation (April 
1998-March 2019) was 2300 ± 230  mm and mean 
annual temperature approximately 15  °C.The soils 
are mainly Folic Dystric Cambisols (IUSS Work-
ing Group WRB 2022) developed from metamor-
phic rock (phyllite, meta-siltstone, meta-sandstone). 
They show a dominance of negative surface charge, 
because of the presence of three-layer clay minerals 
(Schrumpf et  al. 2001). The soils are acidic with a 
low base saturation and high organic matter concen-
trations (Table  S1). Hydromorphic properties occur 
frequently. The species-rich vegetation is an ever-
green lower montane forest with a canopy height of 
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20–30  m (Homeier et  al. 2008). The most common 
tree families are Lauraceae, Rubiaceae, Melastomata-
ceae, and Euphorbiaceae and the most abundant tree 
species is Graffenrieda emarginata (Ruiz & Pav.) 
Triana (Melastomataceae). In the understory, mega-
phyllous shrubs (e.g., Piperaceae) and herbs (Cyclan-
thaceae, Heliconiaceae, Zingiberaceae) are prevalent 
(Homeier et al. 2008).

Sampling and sample processing

From November 2005 to February 2006, young fully-
developed sun-exposed leaves from 26 individuals of 
14 abundant tree species of the study site were sam-
pled (Table  S2). Common species were sampled in 
triplicate. In addition, we sampled sun-exposed leaves 
of 41 individuals of seven species from 2008 to 2018, 
eight bark and nine twig samples from three individu-
als of each of three species in 2011, and 20 fine-root 
segments from eight species in 2016 (Pierick et  al. 
2021).

Litterfall was collected along three 20  m-long 
transects located at approximately 1900, 1950 and 
2000 m above sea level, each covering approximately 
10  m in elevation. Litterfall samples were collected 
weekly with three 0.25 m2 traps per transect. The 
monthly bulked samples of June and December from 
1999 to 2019 were analyzed for Cl concentrations.

From 2002 to 2018, we sampled 22 organic layers 
(2 in 2002, 3 in each of 2004, 2006 and 2018 and 11 
in 2016) in the study area and separated them into Oi, 
Oe, and Oa horizons. At one location, we lost the Oe 
and Oa horizons and at another one, we could not sep-
arate the Oe and Oa horizons. From 1998 to 2018, we 
sampled 42 A horizons, 34 B horizons and 26 C hori-
zons from the wall of each of 42 hand-dug soil pits 
in a representative way. In 1998, 20 pits were dug, in 
2002 two pits, in each of 2004, 2006, and 2018 three 
pits, and in 2016 eleven pits. Moreover, in 1998 we 
collected five unweathered rock samples from the sur-
face of recent landslides, including a phyllite, a meta-
sandstone, a meta-siltstone, a light laminite (i.e., an 
interlayering of phyllite to meta-sandstone with a 
high sandstone content), and a dark laminite (i.e., 
an interlayering of phyllite to meta-sandstone with a 
high phyllite content).

After drying all samples to a constant mass at 
40  °C in a drying oven, leaf, litterfall, and organic 
horizon samples were shredded with a knife mill 

(Grindomix GM 200, Retsch, Haan, Germany) and 
ground to a fine powder with a planetary ball mill 
(PM 200, Retsch). Samples of the mineral soil were 
sieved to < 2 mm and also ground with the planetary 
ball mill. Rock samples were ground in an agate 
grinding set using a vibratory disk mill (Siebtechnik 
GmbH, Mülheim an der Ruhr, Germany).

Measurements

The total Cl concentrations of all solid samples 
(leaves, litterfall, soil, rock) were determined with 
an elemental analyzer Rapid CS cube (Elementar 
Analysensysteme, Langenselbold, Germany) in a 
modification for Cl detection. Samples packed in tin 
capsules were combusted at 1150  °C to convert the 
Cl in solid samples to gaseous HCl. Synthetic air was 
used as carrier gas. The gaseous fractions were passed 
through a drying column containing Sicacide (Merck, 
Darmstadt, Germany), a sulfuric acid drying agent on 
inert carrier material, to remove water and minimize 
condensation and loss of HCl. Subsequently, HCl 
was detected by an electrochemical cell in which the 
HCl reacted with elemental Ag releasing electrons 
which produced an electrical current proportional to 
the Cl concentration in the sample. The device was 
equipped with a “200 ppm” solid-state electrochemi-
cal detector with a measuring range of 0.5 to 50 µg 
of Cl. To meet this concentration range, the mass of 
the samples was adjusted depending on the sample-
specific Cl concentration. As a consequence, we used 
20–30 mg of sample for plant materials and litterfall, 
50–70 mg for organic horizons and up to 100 mg for 
mineral soil horizons and rocks. To convert all Cl in 
the sample to HCl, a high H:Cl ratio was necessary. 
Therefore, 3–5  mg polyethylene powder (Elemen-
tar Analysensysteme, Langenselbold, Germany) was 
added to 10–100 mg of plant, litter, or soil sample as 
an H source.

We used a NH4Cl solution for calibration. For this 
purpose, 1.51 g NH4Cl was dissolved in 1 L ultrapure 
water (> 18 MΩ cm) to produce a stock solution of 
1000  mg L−1 Cl−, which was further diluted to the 
different target concentrations. The diluted solu-
tions were dried for two hours at 80 °C before analy-
sis. To assess the accuracy of our measurements, we 
included a certified reference material (NIST CRM 
1515 “Apple Leaves”), conducted recovery tests of 
added Cl− (as dissolved NH4Cl) for each matrix type 
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and remeasured 20 mineral soil samples of a Chilean 
climatic transect that had previously been measured 
for total Cl concentrations by combustion coupled 
to subsequent ion chromatography (C-IC) by Nei-
dhardt et al. (2022). Repeated measurements of each 
sample type (plant, litterfall, all soil horizons, and 
rocks) were used to determine the measurement pre-
cision. To eliminate matrix effects, we used stand-
ard addition calibrations by adding known masses 
of NH4Cl in dissolved form to each sample matrix 
except for the samples of 2016. The Cl concentra-
tions in each matrix were determined with the mean 
of 3–14 individual standard calibrations, examples 
of which are shown in Figs. S1 and S2. We used the 
mean calibration line of all repeated standard calibra-
tions for each matrix to quantify Cl concentrations in 
the respective matrix (leaves, bark, twigs, roots, Oi, 
Oe, Oa, A and B horizons, and rocks). For the 2016 
samples, we eliminated the matrix effect for each 
matrix by calculating a day factor for each measure-
ment run. We spiked two samples of the same matrix 
we were analyzing (e.g., litterfall or leaves) with a 
known amount of NH4Cl measured before and after 
a run of samples. The mean recovery of the two 
spikes served as day factor. Because the Cl detection 
method is cross-sensitive to CO2 and NOx and to gas-
ses forming during incomplete combustion (e.g., CO, 
CH4) with the former occurring in samples with Cl 
concentrations < 100  mg  kg−1 and the latter at sam-
ple masses > 50  mg according to the manufacturer’s 
information, CO2 and NOx may cause a negative peak 
at the beginning of the integration. Our new Combus-
tion – Electrochemical Cell (C-EC) method allows for 
the measurement of 30–50 samples per work day.

Total Ca concentrations in leaves and litterfall 
were determined after pressure digestion with con-
centrated HNO3 in a microwave oven (MARSXpress, 
CEM, Matthews, NC, USA) and subsequent concen-
tration measurement with an Inductively-coupled 
Plasma Optical Emission Spectrometer (ICP-OES, 
Agilent 5100 VDV, Waldbronn, Germany).

Calculations and statistical analysis

To determine the Cl stocks in aboveground and 
belowground biomass, we used biomass data from the 
same study site (Leuschner et al. 2013; Homeier and 
Leuschner 2021) and multiplied the biomass meas-
ures from the literature with our Cl concentration 

measurements in the various plant compartments. The 
Cl stock of the understory trees and shrubs and stand-
ing or lying coarse woody debris were ignored since 
understory biomass in mature tropical moist forests 
typically only accounts for < 3% of above-ground bio-
mass (Moser et al. 2011) and the coarse woody debris 
contained < 1.8% of the total nutrient stock (but Cl 
was not included) in the dead organic matter (includ-
ing the organic layer) at our study site (Wilcke et al. 
2005). The Cl stock of the soil was calculated for 
each horizon as the product of Cl concentration, hori-
zon thickness, bulk density and for mineral soil hori-
zons additionally the fraction of fine earth. The soil 
bulk densities were measured by collecting an undis-
turbed soil column with a stainless-steel ring of a vol-
ume of 100  cm3, oven-drying and weighing. If bulk 
density was not available, we assumed the mean val-
ues determined by Wilcke et al. (2002) for the organic 
horizons (i.e., 0.08, 0.11, and 0.20 g cm−3 for Oi, Oe, 
and Oa, respectively) and 1.0, 1.3, and 1.3 g cm−3 for 
A, B, and C horizons, respectively. For phyllite, we 
used a density of 2.7  g  cm−3 and for the other rock 
types of 2.3  g  cm−3. To determine the fraction of 
the fine earth, we estimated the stone content volu-
metrically for each horizon at the soil pit in the field. 
If such estimates were not available with assumed a 
stone content of 10%, 30%, and 70% for A, B and C 
horizons, respectively.

We tested the monthly time series of the litter-
fall for significant temporal trends with the Seasonal 
Mann–Kendall test (Hirsch et  al. 1982) using the 
function SeasonalMannKendall() from the package 
Kendall (McLeod 2011) in the statistical software R 
(R Core Team 2017).

Results

Evaluation of the measurement method

All standard addition calibrations were linear and the 
coefficients of determination near 1.00 (Figs. S1-S2 
as examples). All calibration lines intersected the 
X axis in the negative area so that a positive Y axis 
intercept resulted as is expected if there is a matrix 
effect.

The repeated measurement of NIST SRM 1515, 
“Apple Leaves” resulted in a Cl concentration of 
536 ± SD 42 mg kg−1 (n = 15) after the elimination of 
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the matrix effect, which deviated by 8% from the cer-
tified value of 582 ± 7.5 mg kg−1 while the mean ± SD 
of our measurement overlapped with the certified 
value + SD. The mean recovery of the NH4Cl stand-
ards spiked to samples of all matrices was 102 ± 15% 
(n = 175). The regression of our measurements on the 
previous measurements of Neidhardt et al. (2022) for 
20 samples along a climatic transect in Chile, which 
was forced through the origin, resulted in a slope 
close to unity and a nearly perfect coefficient of deter-
mination of 1.00 (Fig. 1).

The coefficient of variation (CV = SD/mean × 100 
[%]) of the measurements of NIST SRM 1515 was 
7.8%. The mean CV of 43 double and 2 triple meas-
urements of all matrices was 12 ± 16%. The mean 
precision of the measurement of plant, litterfall, and 
rock samples was higher (CV 5.4 ± 5.8%, n = 21) than 
that of the soil horizons (18 ± 19%, n = 24).

Chlorine concentrations

There were no significant temporal trends of the Cl 
concentrations in any sample type, for which sev-
eral samples between 1998 and 2018 were col-
lected (leaves, litterfall, soil; Figs. S3-S5). There-
fore, we combined all samples of the same type, 

no matter when they were collected and calcu-
lated arithmetic means. The mean Cl concentra-
tions in the solid phases decreased in the order, 
twigs > bark > roots > leaves > litterfall > Oi ≈ 
Oe > Oa > rocks > A > B ≈ C horizons (Fig. 2).

The Cl concentrations in the leaves showed con-
siderable species-specific variation (Fig.  3). The 
leaves of P. oleifolius, A. lojaensis and H. americanus 
showed the largest Cl concentrations and those of P. 
opaca, Miconia sp. and A. verticillata the smallest. 
Nine tree species had leaf Cl concentrations above 
and five near the range of the minimum requirement 
of 0.2–0.4 g  kg−1. The species A. verticillata, Mico-
nia sp., and P. opaca had mean Cl concentration in 
the leaves below this range.

Chlorine stocks

The total biomass of the vegetation (above- and 
belowground) stored a similar amount of Cl as the 
organic layer and the fine earth of the soil to a depth 
of up to 1  m together (Table  1). The shallower the 
considered soil depth was, the larger was the contrib-
uton of the vegetation to the total Cl stock. When only 
the main root zone was considered (i.e., the organic 
layer and the fine earth of the mineral soil to a depth 

Fig. 1   Relationship 
between the Cl concentra-
tions in 20 mineral soil 
samples from four soil 
profiles (5 depth intervals: 
0–1, 1–5, 5–10, 20–30, 
40–50 cm) along a climatic 
gradient in Chile meas-
ured with Combustion-Ion 
Chromatography (C-IC; 
Neidhardt et al. 2022) 
vs. our new Combustion 
– Electrochemical Cell 
(C-EC) approach. The inlet 
figure shows a magnifica-
tion of the lower concentra-
tion range
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of 0.3 m), the total biomass stored 3.3 times as much 
Cl as the soil. The roots stored 7.6% of the total Cl 
stock in the biomass of the trees. The mean Cl stock 
in 1 m of the rocks was 102 ± 43.6 g m−2, the Cl-rich-
est rock, the light laminite, stored 168 g  m−2 Cl and 
the Cl-poorest, the phyllite, 56.6 g m−2 Cl.

Plant‑bound Cl fluxes

Mean annual litterfall from 1999 to 2019 
(i.e., n = 21  years) varied from 1015 ± 165 to 

1116 ± 208 g m−2 yr−1 among the three measurement 
transects. The Cl fluxes with fine litterfall varied from 
0.40 ± 0.17 to 0.73 ± 0.22  g  m−2  yr−1 and averaged 
0.55 ± 0.17 g m−2 yr−1 (Fig. S3). The mean Cl fluxes 
with fine litterfall accounted for 86 ± 72% of the 
standing Cl stock in the leaves (Table  1). The large 
error is attributable to the wide variation of Cl con-
centrations in the leaves of the studied tree species. 
Leaf litterfall, which was measured at the lower end 
of our study area at four sites in three different studies 
in parallel to our litterfall measurements, contributed 

Fig. 2   Mean Cl concen-
trations of the studied 
sample types and standard 
deviations; n is the number 
of independent samples. 
Oi, Oe and Oa are differ-
ently decomposed organic 
soil horizons, A, B, C are 
mineral soil horizons, OL is 
organic layer (including the 
Oi, Oe, and Oa horizons)

Fig. 3   Mean Cl con-
centrations and standard 
deviations (n = 1–13 tree 
individuals) in the leaves of 
the 17 studied tree species 
ordered according to the 
Cl concentrations. The 
horizontal lines indicate 
the range of the minimum 
requirement of Cl (Marsch-
ner 2012; Wege et al. 2017; 
Colmenero-Flores et al. 
2019). See Table S2 for full 
species names
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on average 69 ± 27% to total fine litterfall (Röderstein 
et al. 2005; Moser et al. 2007; Werner and Homeier 
2015). Based on the leaf lifespan of 23 ± 8.9 months 
reported by Moser et al. (2007) for the lower end of 
our study area, the annual Cl flux contributed by leaf 
litterfall assuming no plant-internal retranslocation 
and leaching prior to abscission would be a maximum 
of 0.33 ± 0.28  g  m−2  yr−1. The mean Cl/Ca concen-
tration ratios in fresh leaves of 13 tree species, for 
which these data were available, were 0.15 ± 0.12. If 
the three tree species with Cl concentrations near or 
below the range of sufficient nutrition were omitted, 
this ratio increased to 0.19 ± 0.11. The litterfall had a 
mean Cl/Ca ratio of 0.05 ± 0.01 (n = 3). This resulted 
in Ca-normalized Cl concentration ratios between 
fresh leaves and litterfall of 3.2 ± 2.7 and 4.1 ± 2.5 
considering all 13 tree species and only the 10 species 
clearly above the range of the minimum Cl require-
ment, respectively. We also calculated the Ca-normal-
ized Cl concentration ratios between senescent and 
fresh leaves using data of Butenschoen et al. (2014), 
who determined Ca concentrations in senescent 

leaves of six tree species collected from fresh litter-
fall. In this calculation, we additionally assumed that 
the Cl concentration of the fine litterfall represented 
that of the senescent leaves. As results, ratios of 
1.0 ± 0.74 and 1.4 ± 1.3 emerged for all six tree spe-
cies and after elimination of one species with particu-
larly high Ca concentrations, respectively.

Mean wood production of 18 plots (trees  with a 
diameter at breast height > 10  cm) in the study area 
was 215 ± 135  g  m−2  yr−1 (Homeier and Leusch-
ner 2021). If it was assumed that this wood had the 
same Cl concentration as the mean of twigs and bark 
(Fig. 2), i.e., 1.7 ± 0.40 g kg−1, a Cl accretion in wood 
of 0.36 ± 0.24 g m−2 yr−1 would result and thus a total 
net plant uptake of 0.91 ± 0.30 g m−2 yr−1 as sum of 
Cl accretion in wood and Cl flux with fine litterfall. 
The latter accounts for 76% of the bulk deposition of 
1.2 g  m−2  yr−1 Cl− reported by Wilcke et al. (2001) 
for the study area. Sixty % of the estimated total plant 
uptake was cycled with fine litterfall.

The residence time in the organic layer calcu-
lated as quotient of the Cl stock in the organic layer 

Table 1   Chlorine stocks in plant compartments, aboveground 
(AGB) and belowground biomass (BGB), the organic horizons 
Oi, Oe, and Oa, the total organic layer (including all three O 

horizons), and the fine earth (excluding stones) of the mineral 
soil to a depth of 0.3, 0.5, and 1 m, respectively

We used biomass data of Leuschner et al. (2013) and Homeier and Leuschner (2021) from 18 plots in our study area (except for the 
root data, which are from a single location at the lower end of our study area). We assumed that our Cl concentration measurement of 
twigs/barks is representative for wood and that of roots for both, coarse and fine roots. Furthermore, the percent contribution of the 
compartments to the total Cl stocks in the whole ecosystem down to the three different mineral soil depths is shown. Where neces-
sary, the error was propagated according to the Gaussian law.

Contribution to the total ecosystem stock to

Compartment Cl stock
[g m−2]

Standard deviation
[g m−2]

0.3 m soil depth
[%]

0.5 m soil depth
[%]

1 m soil depth
[%]

Leaves 0.64 0.50 1.8 1.6 1.2
Stem wood 25 17 69 60 47
Total AGB 26 17 71 62 48
Coarse roots 1.6 1.2 4.4 3.9 3.0
Fine roots 0.50 0.38 1.4 1.2 0.95
Total BGB 2.1 1.3 5.8 5.1 4.0
Total biomass 28 17 77 67 52
Oi 0.30 0.36 0.82 0.71 0.56
Oe 1.3 2.1 3.8 3.3 2.6
Oa 1.4 2.1 3.7 3.2 2.5
Organic layer 3.0 3.1 8.0 7.0 5.5
0–0.3 5.5 4.0 15
0–0.5 11 5.8 26
0–1 m 22 8.6 42
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and the annual Cl flux with litterfall was 5.2 ± 3.2 yr 
(Vogt et al. 1986). This number lacks the root litter 
input into the organic layer, which was estimated at 
393 ± 77 g  m−2  yr−1 for the lower end of our study 
area (Röderstein et  al. 2005). Considering the root 
litter input would reduce the residence time of Cl in 
the organic layer to 3.3 ± 3.7 yr.

Discussion

Method evaluation

Our Cl measurements revealed that all studied 
samples showed a matrix effect that needed to be 
corrected. The matrix effect was pronounced but 
similar within the same sample types (particularly 
organic vs. mineral samples). We successfully 
eliminated the matrix effect by standard addition, 
either as full calibration (Figs. S1-S2) or by adding 
a single standard (only for samples from 2016). The 
accuracy of our measurements was confirmed by (i) 
a recovery of the certified Cl concentration in NIST 
CRM1515 (apple leaves) within the error margins 
of the certificate. Moreover, (ii) the spiked NH4Cl 
standards with a known Cl mass were consistently 
recovered at values near 100% of the expected Cl 
concentrations. Finally, (iii) the comparison of our 
measurements using the new C-EC method with 
those of the Combustion-Ion Chromatography 
(C-IC) method of Neidhardt et al. (2022) resulted in 
an almost perfect match (Fig. 1).

The finding that the precision for the Cl concen-
tration measurements in plant materials, litterfall, 
and rocks was < 10% was also satisfying. However, 
the Cl concentration measurement in organic and 
mineral soil samples, which had consistently the 
lowest Cl concentrations, could only be measured 
with a precision of < 20%. We cannot rule out that 
this lower precision is related with a higher het-
erogeneity of the soil than the other sample types, 
which would have required a better homogenization.

Overall, our first hypothesis that our new Cl 
measurement method (C-EC), which was as sim-
ple as elemental analysis methods for C and N, 
performed similarly well as other available and 
more complicated measurement methods was fully 
supported.

Chlorine bioavailability

The mean Cl concentration of 0.74  g  kg−1 in the 
leaves was below the range of 2–20 g  kg−1 reported 
by Marschner (2012) for plants in general and at the 
lower end of the range of 0.18–14  g  kg−1 reported 
by Svensson et  al. (2021) for 32 temperate forests 
mainly from eastern USA and central to northern 
Europe (Fig.  2). The fact that we found larger Cl 
concentrations than the minimum requirement of 
0.2–0.4  g  kg−1 (Marschner 2012; Wege et  al. 2017; 
Colmenero-Flores et al. 2019) in the leaves of 14 of 
the studied 17 tree species nevertheless indicated a 
sufficient Cl supply for most plants at our study site 
(Fig.  2). However, the tree species A. verticillata, 
Miconia sp., and P. opaca potentially suffered from 
Cl insufficiency and five more species showed Cl con-
centrations just in the range of the minimum require-
ment. Moreover, some individuals of Elaeagia sp., O. 
aciphylla, and M. inelegans showed insufficient Cl 
supply < 0.2 g  kg−1 Cl in leaves, possibly depending 
on the soil moisture conditions and the local compo-
sition of the vegetation as had been shown for boreal 
ecosystems by Svensson et al. (2023).

The Cl concentrations in twigs and bark were 
considerably higher than reported by Svensson et al. 
(2021) for temperate forests (twigs: 0.03–0.13, bark: 
0.03–0.3  g  kg−1, Fig.  2) but still in an intermediate 
position of the reported range of Cl concentrations in 
leaves. The comparatively high Cl concentrations in 
twigs and bark resulted in 10 times higher Cl accre-
tion rates in wood than reported for a subtropical for-
est in Puerto Rico by McDowell and Asbury (1994). 
Apparently, the studied tropical trees accumulated 
more Cl in the wood and bark than the temperate trees 
in Svensson et al. (2021). Interestingly, the bark had 
the double Cl concentrations of the wood although 
it is exposed to leaching by stemflow. We can only 
speculate that this may be attributable to bark-dwell-
ing organisms that accumulate Cl.

The Cl concentrations in litterfall at our study 
site were at the upper end or above the range of 
0.05–0.53 g  kg−1 (median 0.15 g  kg−1) in the study 
of Redon et al. (2011) on 51 French forests with dif-
ferent tree compositions including coniferous and 
deciduous trees (Fig. 2). One reason for the higher Cl 
concentration of litterfall might be the contribution of 
woody plant parts with higher Cl concentrations than 
reported for temperate forests (Svensson et al. 2021). 
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However, we did not measure Cl concentrations in 
some constituents of the litterfall such as flowers, 
fruits, seeds, or epiphytes.

The Cl concentrations of the organic layers at 
our study sites were at the lower end of the range of 
Cl concentrations reported by Redon et  al. (2011) 
for French forests of 0.05–1.0 (mean: 0.25) and 
0.05–0.44 g kg−1 in the compilation of Svensson et al. 
(2021) excluding the results of Redon et  al (2011), 
which are also reported in Svensson et  al. (2021). 
The same was true for the Cl concentrations in the 
mineral soil for which 0.03–0.21 (mean: 0.06) and 
0.02–0.1 g kg−1 were reported in Redon et al. (2011) 
and Svensson et  al. (2021), respectively (Fig.  2). 
The decreasing Cl concentration with increasing 
soil depth at our study site suggests that Cl deposi-
tion from the atmosphere was more important than 
rock weathering although the rocks had a higher Cl 
concentration than the mineral soil and thus provided 
some bioavailable Cl by weathering (Fig.  2). How-
ever, Wilcke et al. (2017) reported that the weathering 
release of Ca, Mg, K, and Na was at least one order of 
magnitude lower than the aboveground fluxes of these 
elements with throughfall, stemflow, and litterfall and 
it seems reasonable to assume the same for Cl. A con-
tribution of nutrient uplift by the plants as suggested 
by Epp et  al. (2020) seems unlikely, because Job-
bágy and Jackson (2001) reported that only limiting 
nutrients are uplifted to an extent that results in their 
accumulation in the topsoil. Our study forest was, 
however, shown to be N and P co-limited (Wullaert 
et al. 2010; Homeier et al. 2012). Moreover, the fact 
that the decrease in Cl concentrations with increasing 
soil depth paralleled a decrease in soil organic mat-
ter concentrations in the same direction (Wilcke et al. 
2002) suggested that chlorination of organic material 
might have contributed to our finding, because even 
in mineral soils up to 80% of total Cl can be organi-
cally bound (Svensson et al. 2021). This assumption 
is also supported by the long residence times of Cl in 
the soil organic layer of > 3 yr although Cl− should be 
quickly leached.

Overall, the comparison with the literature about 
Cl concentrations in solid phases of terrestrial eco-
systems gives a mixed result. The Cl concentrations 
in the leaves and soils suggested that the study eco-
system was Cl-poor, while this was not true for the 
bark, twigs and litterfall. Almost two thirds of the 
studied plant species apparently took up more Cl 

than physiologically required. This was only partly in 
line with the expectation for an ecosystem located far 
from the Sea. We conclude that our second hypoth-
esis of a generally low Cl bioavailability is only partly 
supported, possibly because of considerable sea 
salt deposition during the time when the innertropi-
cal convergence zone had migrated far to the south 
(Makowski Giannoni et al. 2016).

Potential chloride leaching from the canopy

Using the share of senescent leaves in fine litter-
fall of 69% to estimate the contribution of leaf fall 
to the Cl flux with litterfall of 0.55 g m2  yr−1 yields 
0.38 g m2 yr−1, which is close to the 0.33 g m2 yr−1 
of the expected leaf litterfall based on the leaf lifes-
pan of 23 months (Moser et al. 2007). The difference 
between these two estimates is 0.05 g m2 yr−1, which 
would be available for plant-internal retransloca-
tion or leaching. However, this is a rough estimate, 
because 31% of the fine litterfall consists of other 
plant debris than leaves including twigs, bark, seeds, 
fruit, epiphytes etc., the mass contribution and Cl 
fluxes of which are unknown. The comparison of the 
Ca-normalized Cl concentration ratio of fresh leaves 
to litterfall of 3.2 to 4.2 if the Ca concentration of the 
fine litterfall is used suggests a potential plant-inter-
nal retranslocation plus leaching of 69–76% of the Cl 
in the leaf fall, i.e., 0.23–0.25 g m2 yr−1. Again, this 
number is a rough estimate because of the unknown 
role of the other litterfall components. If we used the 
Ca concentrations of senescent leaves reported by 
Butenschoen et  al. (2007), the retranslocation plus 
leaching potential would decrease to 26% of the Cl in 
the leaf fall, i.e., 0.09  g m2  yr−1 or even zero if the 
one species with particularly high Ca concentrations 
in senescent leaves was omitted. Unfortunately, we do 
not avail Cl concentrations of the senescent leaves so 
that this estimate again is influenced by the unknown 
role of the other fine litterfall components and their 
Cl/Ca ratios. The mean of these five rough estimates 
would be 0.12 ± 0.11 g m2  yr−1 representing 13% of 
total plant uptake (fine litterfall plus wood accre-
tion) and 10% of bulk deposition. The highest value 
would account for 21–27% of plant uptake and bulk 
deposition, which are available for plant-internal 
retranslocation and leaching. Because of the com-
paratively good phloem mobility of Cl− (Marschner 
2012), it can be assumed that part of these estimates 



Plant Soil	

Vol.: (0123456789)

is plant-internally redistributed so that leaching is 
likely even lower. We conclude that our third hypoth-
esis assuming a low leaching potential of Cl− from 
the canopy is supported.

Temporal development of Cl concentrations and 
stocks

Because we did not observe a temporal trend in the 
annual Cl fluxes with litterfall from 1998 to 2019 
(Fig. S3), we assume that there was no accumula-
tion of Cl in the vegetation during this period. This 
assumption is corroborated by the finding that there 
was also no trend in the Cl concentrations of the 
leaves, which we sampled on three to four dates 
between 2008 and 2018. Similarly, the absence of a 
temporal trend in the Cl concentrations in the organic 
layer (Fig. S4) and A horizons (Fig. S5A) and the 
stocks of the uppermost 0.3  m of the mineral soil 
(Fig. S5B) did not point at an accumulation of Cl in 
organic layer and the main root zone of the mineral 
soil. However, the soil in the study region is heteroge-
neous and the partly low number of samples collected 
in individual years might not have been representative 
for the whole study area. As a consequence, we have 
to reject our fourth hypothesis that the study ecosys-
tem accumulated Cl during the observation period. 
This either implies that outputs via the streamflow 
compensated inputs resulting in steady-state condi-
tions with respect to Cl concentrations and stocks or 
that Cl was accumulated in the deep subsoil, which 
we did not analyze.

Conclusions

Our results demonstrate that the measurement of Cl in 
solid samples by a combination of combustion with a 
solid-state electrochemical detector is a viable option 
with a high accuracy and satisfying precision sup-
porting our first hypothesis that the new Combustion-
Electrochemical Cell (C-EC) method reaches a simi-
lar accuracy and precision as other available methods.

The fact that only a few tree species showed low 
Cl concentrations in their leaves near to the range of 
insufficient nutrition while twigs and barks showed 
high Cl concentrations and litterfall fluxes were also 
high compared with the literature does not support 
our second hypothesis that the study ecosystem was 

generally Cl-poor. Obviously, the seasonal sea salt 
input from nearer oceans to the north and west deliv-
ered enough Cl− for plant nutrition.

Our rough estimates of potential Cl− leaching from 
leaves indicated on average at most a small contribu-
tion of leaching to plant uptake and bulk deposition 
of likely < 10% if plant-internal retranslocation before 
leaf abscission was considered, supporting our third 
hypothesis that the leaching potential of Cl− from 
leaves is low relative to bulk deposition.

We did not observe temporal trends of Cl fluxes 
with litterfall and stocks in the leaves, soil organic 
layer, mineral A horizon, and uppermost 0.3  m of 
the mineral soil so that we have to reject our fourth 
hypothesis that the study ecosystem accumulates 
deposited Cl−.

Acknowledgments  We thank E. Beck, K. Müller-Hohen-
stein, M. Richter and W. Zech for co-initiating the long-term 
study; J. Boy, K. Fleischbein, R. Goller, M. Meyer-Grünefeldt, 
J. Knuth, A. Rehmus, M. Sequeira, H. Wullaert, S. Yasin and 
numerous undergraduate students for data acquisition during 
parts of the observation period; R. Cuenca, J. Garcia, S. Gut, 
U. Hensler, J. Muñoz, J.L. Peña, A. Schmitt, H. Valladarez and 
J. Villalta for their help in the field; A. Broadbend, T. Fabian, 
L. Lorenz, S. Rosenkranz and M. Wendler for their help in the 
laboratory; H. Neidhardt and Y. Oelmann for providing com-
parison samples and results; the Ecuadorian Environmental 
Ministry for the research permits; Naturaleza y Cultura Inter-
nacional (NCI) in Loja for providing the study area and the 
research station and the German Research Foundation (DFG, 
Ze154/34-1,-3, -4, Research Units 402, 816, and 2730) for 
funding.

Author contribution  The study conception and design were 
developed by Jürgen Homeier, Kerstin Pierick, Carlos Valar-
ezo, Andre Velescu, and Wolfgang Wilcke. Material prepa-
ration, data collection and analysis were performed by Pablo 
Alvarez, Timo Gerbert, Jürgen Homeier, Kerstin Pierick, 
Tobias Steinert, Moritz Stenger, Andre Velescu, and Wolfgang 
Wilcke. The first draft of the manuscript was written by Tobias 
Steinert and Wolfgang Wilcke and all authors commented 
on previous versions of the manuscript. All authors read and 
approved the final manuscript.

Funding  Open Access funding enabled and organized by 
Projekt DEAL. Deutsche Forschungsgemeinschaft (DFG).

Data availability  The data will be uploaded to the data ware-
house of the Research Unit “Environmental changes in biodi-
versity hotspot ecosystems of south Ecuador: Response and 
feedback effects (RESPECT, DFG FOR2730)” hosted by the 
University of Marburg, Germany and will become public after 
an embargo time. The data are immediately available from the 
corresponding author on reasonable request.



	 Plant Soil

Vol:. (1234567890)

Declarations 

Competing interests  The authors have no relevant financial 
or non-financial interests to disclose.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Bastviken D, Svensson T, Karlsson S, Sandén P, Öberg G 
(2009) Temperature sensitivity indicates that chlorination 
of organic matter in forest soil is primarily biotic. Environ 
Sci Technol 43:3569–3573. https://​doi.​org/​10.​1021/​es803​
5779

Borggaard OK (1984) Influence of iron oxides on the non-spe-
cific anion (chloride) adsorption by soil. J Soil Sci 35:71–
78. https://​doi.​org/​10.​1111/j.​1365-​2389.​1984.​tb002​61.x

Broyer TC, Carlton AB, Johnson CM, Stout PR (1954) Chlo-
rine - a micronutrient element for higher plants. Plant 
Physiol 29:526–532. https://​doi.​org/​10.​1104/​pp.​29.6.​526

Butenschoen O, Krashevska V, Maraun M, Marian F, Sand-
mann D, Scheu F (2014) Litter mixture effects on decom-
position in tropical montane rainforests vary strongly with 
time and turn negative at later stages of decay. Soil Biol 
Biochem 77:121–128. https://​doi.​org/​10.​1016/j.​soilb​io.​
2014.​06.​019

Cavelier J, Jaramillo M, Solis D, León Dd (1997) Water bal-
ance and nutrient inputs in bulk precipitation in tropical 
montane cloud forests in Panama. J Hydrol 193:83–96. 
https://​doi.​org/​10.​1016/​S0022-​1694(96)​03151-4

Colmenero-Flores JM, Franco-Navarro JD, Cubero-Font P, 
Peinado-Corrubia P, Rosales MA (2019) Chloride as a 
beneficial macronutrient in higher plants: new roles and 
regulation. Int J Mol Sci 20:4686. https://​doi.​org/​10.​3390/​
ijms2​01946​86

den Van Hoof C, Thiry Y (2012) Modelling of the natural chlo-
rine cycling in a coniferous stand: implications for chlo-
rine-36 behaviour in a contaminated forest environment. 
J Environ Radioact 107:56–67. https://​doi.​org/​10.​1016/j.​
jenvr​ad.​2011.​12.​014

Epp T, Neidhardt H, Pagano N, Marks MAW, Markl G, 
Oelmann Y (2020) Vegetation canopy effects on total and 
dissolved Cl, Br, F and I concentrations in soil and their 

fate along the hydrological flow path. Sci Total Environ 
712:135473. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​
135473

Eriksson E (1955) Air borne salts and the chemical composi-
tion of river waters. Tellus 7:243–250. https://​doi.​org/​10.​
3402/​tellu​sa.​v7i2.​8782

Gustavsson M, Karlsson S, Öberg G, Sandén P, Svensson T, 
Valinia S, Thiry Y, Bastviken D (2012) Organic matter 
chlorination rates in different boreal soils: the role of soil 
organic matter content. Environ Sci Technol 46:1504–
1510. https://​doi.​org/​10.​1021/​es203​191r

Hafkenscheid R (2000) Hydrology and biogeochemistry of 
tropical montane rain forests of contrasting stature in the 
Blue Mountains, Jamaica. Ph D thesis, Free University of 
Amsterdam. https://​edepot.​wur.​nl/​493279

Hirsch RM, Slack JR, Smitz RA (1982) Techniques of trend 
analysis for monthly water quality data. Water Resour Res 
18:107–121. https://​doi.​org/​10.​1029/​WR018​i001p​00107

Homeier J, Leuschner C (2021) Factors controlling the produc-
tivity of tropical Andean forests: climate and soil are more 
important than tree diversity. Biogeosciences 18:1525–
1541. https://​doi.​org/​10.​5194/​bg-​18-​1525-​2021

Homeier J, Hertel D, Camenzind T, Cumbicus NL, Maraun M, 
Martinson GO, Nohemy Poma L, Rillig MC, Sandmann 
D, Scheu S, Veldkamp E, Wilcke W, Wullaert H, Leusch-
ner C (2012) Tropical Andean forests are highly suscep-
tible to nutrient inputs—rapid effects of experimental N 
and P addition to an Ecuadorian montane forest. PLoS 
One 7:e47128. https://​doi.​org/​10.​1371/​journ​al.​pone.​00471​
28

Homeier J, Werner FA, Gradstein SR, Breckle S-W, Richter 
M (2008) Potential vegetation and floristic composi-
tion of Andean forests in south Ecuador with a focus on 
the RBSF. In: Beck E, Bendix J, Kottke I, Makeschin 
F, Mosandl R (eds) Gradients in a Tropical Moun-
tain Ecosystem of Ecuador. Ecol Stud 198:87–100 
Springer, Berlin, Heidelberg. https://​doi.​org/​10.​1007/​
978-3-​540-​73526-7_1

IUSS Working Group WRB (2022) World reference base for 
soil resources. International soil classification system for 
naming soils and creating legends for soil maps. 4th edi-
tion. International Union of Soil Sciences (IUSS), Vienna, 
Austria. https://​www.​isric.​org/​sites/​defau​lt/​files/​WRB_​
fourth_​editi​on_​2022-​12-​18.​pdf

Jobbágy EG, Jackson RB (2001) The distribution of soil nutri-
ents with depth: global patterns and the imprint of plants. 
Biogeochemistry 53:51–77. https://​doi.​org/​10.​1023/A:​
10107​60720​215

Johansson E, Sandén P, Öberg G (2003) Organic chlorine in 
deciduous and coniferous forest soils in southern Sweden. 
Soil Sci 168:347–355. https://​doi.​org/​10.​1097/​01.​ss.​00000​
70909.​55992.​91

Leuschner C, Zach A, Moser G, Homeier J, Graefe S, Hertel D, 
Wittich B, Soethe N, Iost N, Röderstein M, Horna V, Wolf 
K (2013) The carbon balance of tropical mountain forests 
along an altitudinal transect. In: Bendix J, Beck E, Bräun-
ing A, Makeschin F, Mosandl R, Scheu S, Wilcke W (eds) 
Ecosystem Services, Biodiversity and Environmental 
Change in a Tropical Mountain Ecosystem of South Ecua-
dor. Ecol Stud 221:117–139. Springer, Berlin, Heidelberg. 
https://​doi.​org/​10.​1007/​978-3-​642-​38137-9

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/es8035779
https://doi.org/10.1021/es8035779
https://doi.org/10.1111/j.1365-2389.1984.tb00261.x
https://doi.org/10.1104/pp.29.6.526
https://doi.org/10.1016/j.soilbio.2014.06.019
https://doi.org/10.1016/j.soilbio.2014.06.019
https://doi.org/10.1016/S0022-1694(96)03151-4
https://doi.org/10.3390/ijms20194686
https://doi.org/10.3390/ijms20194686
https://doi.org/10.1016/j.jenvrad.2011.12.014
https://doi.org/10.1016/j.jenvrad.2011.12.014
https://doi.org/10.1016/j.scitotenv.2019.135473
https://doi.org/10.1016/j.scitotenv.2019.135473
https://doi.org/10.3402/tellusa.v7i2.8782
https://doi.org/10.3402/tellusa.v7i2.8782
https://doi.org/10.1021/es203191r
https://edepot.wur.nl/493279
https://doi.org/10.1029/WR018i001p00107
https://doi.org/10.5194/bg-18-1525-2021
https://doi.org/10.1371/journal.pone.0047128
https://doi.org/10.1371/journal.pone.0047128
https://doi.org/10.1007/978-3-540-73526-7_1
https://doi.org/10.1007/978-3-540-73526-7_1
https://www.isric.org/sites/default/files/WRB_fourth_edition_2022-12-18.pdf
https://www.isric.org/sites/default/files/WRB_fourth_edition_2022-12-18.pdf
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1097/01.ss.0000070909.55992.91
https://doi.org/10.1097/01.ss.0000070909.55992.91
https://doi.org/10.1007/978-3-642-38137-9


Plant Soil	

Vol.: (0123456789)

Makowski Giannoni S, Trachte K, Rollenbeck R, Lehnert L, 
Fuchs J, Bendix J (2016) Atmospheric salt deposition 
in a tropical mountain rainforest at the eastern Andean 
slopes of south Ecuador-Pacific or Atlantic origin? Atmos 
Chem Phys 16:10241–10261. https://​doi.​org/​10.​5194/​
acp-​16-​10241-​2016

Mariraj Mohan S (2016) An overview of particulate dry depo-
sition: measuring methods, deposition velocity and con-
trolling factors. Int J Environ Sci Technol 13:387–402. 
https://​doi.​org/​10.​1007/​s13762-​015-​0898-7

Marschner P (ed) (2012) Marschner’s mineral nutrition of 
higher plants, 3rd ed. Elsevier/Academic Press, London; 
Waltham, MA

McDowell WH (1998) Internal nutrient fluxes in a Puerto 
Rican rain forest. J Trop Ecol 14:521–536. https://​doi.​org/​
10.​1017/​S0266​46749​80003​76

McDowell WH, Asbury CE (1994) Export of carbon, nitro-
gen, and major ions from three tropical montane water-
sheds. Limnol Oceanogr 39:111–125. https://​doi.​org/​10.​
4319/​lo.​1994.​39.1.​0111

McLeod AI (2011) Kendall: Kendall rank correlation and 
Mann-Kendall trend test. R package version 2.2. URL: 
https://​CRAN.R-​proje​ct.​org/​packa​ge=​Kenda​ll.

Mello PA, Barin JS, Duarte FA, Bizzi CA, Diehl LO, Mul-
ler EI, Flores EMM (2013) Analytical methods for the 
determination of halogens in bioanalytical sciences: a 
review. Anal Bioanal Chem 405:7615–7642. https://​doi.​
org/​10.​1007/​s00216-​013-​7077-9

Montelius M, Thiry Y, Marang L, Ranger J, Cornelis J-T, 
Svensson T, Bastviken D (2015) Experimental evidence 
of large changes in terrestrial chlorine cycling following 
altered tree species composition. Environ Sci Technol 
49:4921–4928. https://​doi.​org/​10.​1021/​acs.​est.​5b001​37

Montelius M, Svensson T, Lourino-Cabana B, Thiry Y, Bast-
viken D (2016) Chlorination and dechlorination rates in 
a forest soil — a combined modelling and experimental 
approach. Sci Total Environ 554:203–210. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2016.​02.​208

Moser G, Hertel D, Leuschner C (2007) Altitudinal change 
in LAI and stand leaf biomass in tropical montane for-
ests: a transect study in Ecuador and a pan-tropical 
meta-analysis. Ecosystems 10:924–935. https://​doi.​org/​
10.​1007/​s10021-​007-​9063-6

Moser G, Leuschner C, Hertel D, Graefe S, Soethe N, Iost S 
(2011) Elevation effects on the carbon budget of tropi-
cal mountain forests (S Ecuador): the role of the below-
ground compartment. Glob Change Biol 17:2211–2226. 
https://​doi.​org/​10.​1111/j.​1365-​2486.​2010.​02367.x

Neidhardt H, Lemke E, Epp T, Marks MAW, Markl G, 
Oelmann Y (2022) Impact of abiotic and biogeochemi-
cal processes on halogen concentrations (Cl, Br, F, I) 
in mineral soil along a climatic gradient. Environ Sci 
Process Impacts 24:1330–1342. https://​doi.​org/​10.​1039/​
d2em0​0015f

Öberg G, Sandén P (2005) Retention of chloride in soil and 
cycling of organic matter-bound chlorine. Hydrol Pro-
cess 19:2123–2136. https://​doi.​org/​10.​1002/​hyp.​5680

Pierick K, Leuschner C, Homeier J (2021) Topography as a 
factor driving small-scale variation in tree fine root traits 
and root functional diversity in a species-rich tropical 

montane forest. New Phytol 230:129–138. https://​doi.​
org/​10.​1111/​nph.​17136

R Core Team (2017) R: A language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria. URL: https://​www.R-​proje​ct.​org/.

Redon P-O, Abdelouas A, Bastviken D, Cecchini S, Nicolas 
M, Thiry Y (2011) Chloride and organic chlorine in for-
est soils: storage, residence times, and influence of eco-
logical conditions. Environ Sci Technol 45:7202–7208. 
https://​doi.​org/​10.​1021/​es201​1918

Redon P-O, Jolivet C, Saby NPA, Abdelouas A, Thiry Y 
(2013) Occurrence of natural organic chlorine in soils 
for different land uses. Biogeochemistry 114:413–419. 
https://​doi.​org/​10.​1007/​s10533-​012-​9771-7

Röderstein M, Hertel D, Leuschner C (2005) Above- and 
below-ground litter production in three tropical montane 
forests in southern Ecuador. J Trop Ecol 21:483–492. 
https://​doi.​org/​10.​1017/​S0266​46740​50024​9X

Rodin LE, Bazilevich NI (1967) Production and mineral 
cycling in terrestrial vegetation. Oliver and Boyd, 
Edinburgh.

Rössner B, Schwedt G (1983) Analysenverfahren zur Bestim-
mung anorganischer Anionen. Z Anal Chem 315:197–
200. https://​doi.​org/​10.​1007/​BF005​94990

Schlesinger WH (1997) Biogeochemistry. An analysis of global 
change. 2nd ed, Academic Press.

Schrumpf M, Guggenberger G, Valarezo C, Zech W (2001) 
Tropical montane rain forest soils. Development and 
nutrient status along altitudinal gradient in the South 
Ecuadorian Andes. Erde 132:43–59

Scott DA, Proctor J, Thompson J (1992) Ecological stud-
ies on a lowland evergreen rain forest on Maracá Island, 
Roraima, Brazil. II. Litter and nutrient cycling. J Ecol 
80:705–717. https://​doi.​org/​10.​2307/​22608​61

Staelens J, Houle D, De Schrijver A, Neyrinck J, Verheyen K 
(2008) Calculating dry deposition and canopy exchange 
with the canopy budget model: review of assumptions and 
application to two deciduous forests. Water Air Soil Pollut 
191:149–169. https://​doi.​org/​10.​1007/​s11270-​008-​9614-2

Svensson T, Kylin H, Montelius M et  al (2021) Chlorine 
cycling and the fate of Cl in terrestrial environments. 
Environ Sci Pollut Res 28:7691–7709. https://​doi.​org/​10.​
1007/​s11356-​020-​12144-6

Svensson T, Löfgren A, Saetre P, Kautsky U, Bastviken D 
(2023) Chlorine distribution in soil and vegetation in 
boreal habitats along a moisture gradient from upland 
forest to lake margin wetlands. Environ Sci Technol 
57:11067–11074. https://​doi.​org/​10.​1021/​acs.​est.​2c095​71

Thimonier A, Schmitt M, Waldner P, Schleppi P (2008) Sea-
sonality of the Na/Cl ratio in precipitation and implica-
tions of canopy leaching in validating chemical analyses 
of throughfall samples. Atmos Environ 42:9106–9117. 
https://​doi.​org/​10.​1016/j.​atmos​env.​2008.​09.​007

Tukey HB (1970) The leaching of substances from plants. 
Annu Rev Plant Biol 21:305–324. https://​doi.​org/​10.​1146/​
annur​ev.​pp.​21.​060170.​001513

Ulrich B (1983) Interactions of forest canopies with atmos-
pheric constituents: SO2, alkali and earth alkali cations 
and chloride. In: Effects of accumulation of air pollutants 
in forest ecosystems. D. Reidel Publishing, Dordrecht, pp 
33–45. https://​doi.​org/​10.​1007/​978-​94-​009-​6983-4_2

https://doi.org/10.5194/acp-16-10241-2016
https://doi.org/10.5194/acp-16-10241-2016
https://doi.org/10.1007/s13762-015-0898-7
https://doi.org/10.1017/S0266467498000376
https://doi.org/10.1017/S0266467498000376
https://doi.org/10.4319/lo.1994.39.1.0111
https://doi.org/10.4319/lo.1994.39.1.0111
https://CRAN.R-project.org/package=Kendall
https://doi.org/10.1007/s00216-013-7077-9
https://doi.org/10.1007/s00216-013-7077-9
https://doi.org/10.1021/acs.est.5b00137
https://doi.org/10.1016/j.scitotenv.2016.02.208
https://doi.org/10.1016/j.scitotenv.2016.02.208
https://doi.org/10.1007/s10021-007-9063-6
https://doi.org/10.1007/s10021-007-9063-6
https://doi.org/10.1111/j.1365-2486.2010.02367.x
https://doi.org/10.1039/d2em00015f
https://doi.org/10.1039/d2em00015f
https://doi.org/10.1002/hyp.5680
https://doi.org/10.1111/nph.17136
https://doi.org/10.1111/nph.17136
https://www.R-project.org/
https://doi.org/10.1021/es2011918
https://doi.org/10.1007/s10533-012-9771-7
https://doi.org/10.1017/S026646740500249X
https://doi.org/10.1007/BF00594990
https://doi.org/10.2307/2260861
https://doi.org/10.1007/s11270-008-9614-2
https://doi.org/10.1007/s11356-020-12144-6
https://doi.org/10.1007/s11356-020-12144-6
https://doi.org/10.1021/acs.est.2c09571
https://doi.org/10.1016/j.atmosenv.2008.09.007
https://doi.org/10.1146/annurev.pp.21.060170.001513
https://doi.org/10.1146/annurev.pp.21.060170.001513
https://doi.org/10.1007/978-94-009-6983-4_2


	 Plant Soil

Vol:. (1234567890)

Vitousek PM, Sanford RL (1986) Nutrient cycling in moist 
tropical forest. Annu Rev Ecol Evol Syst 17:137–167. 
https://​doi.​org/​10.​1146/​annur​ev.​es.​17.​110186.​001033

Vogt KA, Grier CC, Vogt DJ (1986) Production, turnover, and 
nutrient dynamics of above- and belowground detritus of 
world forests. Adv Ecol Res 15:303–377. https://​doi.​org/​
10.​1016/​S0065-​2504(08)​60122-1

Wang PG, Ji GL, Yu TR (1987) Adsorption of chloride and 
nitrate by variable charge soils in relation to the electric 
charge of the soil. Z Pflanzenernahr Bodenk 150:17–23. 
https://​doi.​org/​10.​1002/​jpln.​19871​500105

Wege S, Gilliham M, Henderson SW (2017) Chloride: not sim-
ply a ‘cheap osmoticum’, but a beneficial plant macronu-
trient. J Exp Bot 68:3057–3069. https://​doi.​org/​10.​1093/​
jxb/​erx050

Werner F, Homeier J (2015) Is tropical montane forest hetero-
geneity promoted by a resource-driven feedback cycle? 
Evidence from nutrient relations, herbivory and litter 
decomposition along a topographical gradient. Funct Ecol 
29:430–440. https://​doi.​org/​10.​1111/​1365-​2435.​12351

Wilcke W, Yasin S, Valarezo C, Zech W (2001) Change in 
water quality during the passage through a tropical mon-
tane rain forest in Ecuador. Biogeochemistry 55:45–72. 
https://​doi.​org/​10.​1023/A:​10106​31407​270

Wilcke W, Yasin S, Abramowski U, Valarezo C, Zech W 
(2002) Nutrient storage and turnover in organic lay-
ers under tropical montane rain forest in Ecuador: nutri-
ent storage and turnover in montane forest. Eur J Soil 
Sci 53:15–27. https://​doi.​org/​10.​1046/j.​1365-​2389.​2002.​
00411.x

Wilcke W, Hess T, Bengel C, Homeier J, Valarezo C, Zech W 
(2005) Coarse woody debris in a montane forest in Ecua-
dor: mass, C and nutrient stock, and turnover. For Ecol 
Manage 205:139–147. https://​doi.​org/​10.​1016/j.​foreco.​
2004.​10.​044

Wilcke W, Leimer S, Peters T, Emck P, Rollenbeck R, Tra-
chte K, Valarezo C, Bendix J (2013) The nitrogen cycle 
of tropical montane forest in Ecuador turns inorganic 
under environmental change. Glob Biogeochem Cycles 
27:1194–1204. https://​doi.​org/​10.​1002/​2012G​B0044​71

Wilcke W, Velescu A, Leimer S, Bigalke M, Boy J, Valar-
ezo C (2017) Biological versus geochemical control and 
environmental change drivers of the base metal budgets 
of a tropical montane forest in Ecuador during 15 years. 
Biogeochemistry 136:167–189. https://​doi.​org/​10.​1007/​
s10533-​017-​0386-x

Wullaert H, Homeier J, Valarezo C, Wilcke W (2010) 
Response of the N and P cycles of an old-growth mon-
tane forest in Ecuador to experimental low-level N and P 
amendments. For Ecol Manage 260:1434–1445. https://​
doi.​org/​10.​1016/j.​foreco.​2010.​07.​021

Xu G, Magen H, Tarchitzky J, Kafkafi U (1999) Advances in 
chloride nutrition of plants. Adv Agron 68:97–50. https://​
doi.​org/​10.​1016/​S0065-​2113(08)​60844-5

Zhang L, Fang GC, Liu CK, Huang YL, Huang JH, Huang CS 
(2012) Dry deposition fluxes and deposition velocities of 
seven trace metal species at five sites in central Taiwan 
– a summary of surrogate surface measurements and a 
comparison with model estimations. Atmos Chem Phys 
12:3405–3417. https://​doi.​org/​10.​5194/​acp-​12-​3405-​2012

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1146/annurev.es.17.110186.001033
https://doi.org/10.1016/S0065-2504(08)60122-1
https://doi.org/10.1016/S0065-2504(08)60122-1
https://doi.org/10.1002/jpln.19871500105
https://doi.org/10.1093/jxb/erx050
https://doi.org/10.1093/jxb/erx050
https://doi.org/10.1111/1365-2435.12351
https://doi.org/10.1023/A:1010631407270
https://doi.org/10.1046/j.1365-2389.2002.00411.x
https://doi.org/10.1046/j.1365-2389.2002.00411.x
https://doi.org/10.1016/j.foreco.2004.10.044
https://doi.org/10.1016/j.foreco.2004.10.044
https://doi.org/10.1002/2012GB004471
https://doi.org/10.1007/s10533-017-0386-x
https://doi.org/10.1007/s10533-017-0386-x
https://doi.org/10.1016/j.foreco.2010.07.021
https://doi.org/10.1016/j.foreco.2010.07.021
https://doi.org/10.1016/S0065-2113(08)60844-5
https://doi.org/10.1016/S0065-2113(08)60844-5
https://doi.org/10.5194/acp-12-3405-2012

	Chlorine in plants and soils of a tropical lower montane forest in Ecuador: Development during two decades
	Abstract 
	Aims 
	Methods 
	Results 

	Introduction
	Materials and methods
	Study site
	Sampling and sample processing
	Measurements
	Calculations and statistical analysis

	Results
	Evaluation of the measurement method
	Chlorine concentrations
	Chlorine stocks
	Plant-bound Cl fluxes

	Discussion
	Method evaluation
	Chlorine bioavailability
	Potential chloride leaching from the canopy
	Temporal development of Cl concentrations and stocks

	Conclusions
	Acknowledgments 
	References


