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Abstract

1. Terrestrial inputs of dissolved organic matter (DOM) make a significant contribution

to the carbon pool of headwaters and the reactivity of this pool depends on its source

and diagenetic state, being influenced by photochemical and biological processes.

The main goal of this study was to characterise the composition and reactivity of soil

and leaf litter DOM from a native forest of Nothofagus pumilio (Nothofagaceae), and

from natural stream water, evaluating the effect of degradation processes.

2. Photo- and biodegradation laboratory experiments were conducted using DOM

leached from soil and leaf litter, while the impact of photodegradation alone was

also analysed through laboratory assays using stream water. The effects of

photo- and biodegradation were evaluated through changes in the concentration

of dissolved organic and inorganic carbon (DOC and DIC, respectively) and opti-

cal DOM proxies (absorbance and fluorescence).

3. In the initial characterisation, DOM from soil and water leachates showed natu-

rally high humification, aromaticity and lignin content compared with the DOM

of leaf litter leachate rich in non-humic compounds.

4. Photo- and biodegradation increased humification of the DOM. DOM from leaf lit-

ter leachate was more bioavailable than DOM from soil leachate, as reflected by the

higher growth of bacteria, DOC consumption and DIC production. In general,

biodegradation increased DOM molecular weight, aromaticity and lignin content.

Changes in fluorescent DOM (FDOM) showed a trend characterised by the loss of

labile protein-like compounds and an increase in refractory humic-like components.

5. Long-rod shaped bacteria were more abundant in leaf litter leachate, suggesting

their preference for labile DOM, whereas cocci dominated in the humic and

more biorecalcitrant DOM from soil leachate.

6. This study showed a continuum of DOM humification, with decreasing DOM reac-

tivity from leaf litter leachate towards soil leachate and stream water. Soil leachate

DOM was probably the main source of stream water DOM, as reflected by their

similar signatures and close positioning in the reactivity continuum, although car-

bon mineralisation was much lower in soil leachate than stream water.

K E YWORD S

allochthonous dissolved organic matter, Andean catchment, biodegradation, optical proxies,

photodegradation

Accepted: 22 March 2018

DOI: 10.1111/fwb.13114

Freshwater Biology. 2018;1–14. wileyonlinelibrary.com/journal/fwb © 2018 John Wiley & Sons Ltd | 1

http://orcid.org/0000-0001-7216-4723
http://orcid.org/0000-0001-7216-4723
http://orcid.org/0000-0001-7216-4723
http://wileyonlinelibrary.com/journal/FWB


1 | INTRODUCTION

Dissolved organic matter (DOM) comprises dissolved and colloidal

compounds containing substances of low molecular weight and

macromolecules (i.e., fulvic and humic compounds), constituting the

largest pool of carbon on Earth (Aufdenkampe et al., 2011; Battin

et al., 2009). The DOM pool includes compounds derived from ter-

restrial vegetation and soils, aquatic plants and phytoplankton, as

well as synthetic substances. DOM can vary over space and time

depending on its source, transport and environmental processing,

presenting a wide range of reactivity and ecological functions (Aiken,

2014; Jaff�e et al., 2008).

The dynamics of DOM in aquatic systems are complex, involving

terrestrial inputs (allochthonous) and the contribution of aquatic pro-

duction (autochthonous) (Battin et al., 2009; Fasching, Ulseth,

Schelker, Steniczka, & Battin, 2016). Dissolved organic carbon (DOC,

a proxy for DOM) plays a part in many physical, chemical and biolog-

ical processes, acting as a natural sunlight attenuator and pH buffer

and influencing the transport and fate of nutrients, metals and pollu-

tants (Aiken, 2014; Michel, Matzner, Dignac, & K€ogel-Knabner,

2006; Wetzel, 2001). Moreover, since DOC is the main carbon sub-

strate for heterotrophic bacteria, it plays a key role in the dynamics

of microbial communities, thereby impacting aquatic food webs (Cole

et al., 2007; Guillemette & del Giorgio, 2012).

Headwaters are closely connected to the terrestrial ecosystem.

Headwaters receive, transform and export downstream large amounts

of allochthonous DOM, thus generating a connection between terres-

trial and aquatic pathways in the carbon cycle. This biogeochemical

linkage is determined by soil and vegetation features and regulated by

hydrology, which in turn is governed by climate (Fasching et al., 2016;

Li et al., 2016; Sobczak & Raymond, 2015). The DOM in surface water

is derived largely from organic substances leached from litter and soils

(Battin et al., 2009; Cole et al., 2007).

Photodegradation and biodegradation are the most important

processes acting in the transformation and mineralisation of DOM

(Hansen et al., 2016). Photodegradation is a chemically selective pro-

cess, effective in breaking down large, aromatic molecules that

absorb light in the ultraviolet region (190–380 nm) (Benner & Kaiser,

2011; Helms et al., 2008, 2014). Nevertheless, small molecules and

proteinaceous DOM can also be susceptible to photochemical reac-

tions (Chen & Jaff�e, 2016; Stedmon & Cory, 2014). Heterotrophic

bacteria preferentially consume carbohydrates and proteins (Benner

& Kaiser, 2011) and produce humic-like compounds that contribute

to the formation of stable organic carbon in soils (Kalbitz, Schmer-

witz, Schwesig, & Matzner, 2003) and aquatic systems (Ishii & Boyer,

2012; Stedmon & Cory, 2014).

Low order streams of northwestern Andean Patagonia are cold-

water, carbon- and nutrient-limited systems that originate in moun-

tain lakes and/or collect snowmelt and precipitation water (Garcia,

Reissig, Queimali~nos, Garcia, & Di�eguez, 2015). In Andean Patago-

nian catchments, the deciduous tree Nothofagus pumilio is the dom-

inant species surrounding the headwaters at high altitudes, from

900 to 1,600 m a.s.l. (Daniels & Veblen, 2004). During the austral

autumn, N. pumilio stands deliver massive pulses of leaf litter to

soils and riparian areas, supplying low order streams above 900 m

elevation with up to 26 times more detritus than other riparian

shrubs (Albari~no, D�ıaz Villanueva, & Buria, 2009; Villalba, Bonin-

segna, Veblen, Schmelter, & Rubulis, 1997). In the autumn, the

high-water table of the Patagonian Andes increases surface run-off,

thereby enhancing the transport of allochthonous materials towards

streams. This leads to a rapid increase in suspended load, nutrients

and DOC, while snowmelt has a more gradual influence (Garcia,

Reissig, et al., 2015; Queimali~nos et al., 2012). Terrestrial DOM

inputs to aquatic systems of Andean Patagonia are thus shaped by

highly fluctuating hydrology (Queimali~nos et al., 2012) due to the

seasonal precipitation and temperature pattern (autumn–winter)

(Paruelo, Beltr�an, Job�aggy, Sala, & Golluscio, 1998). Moreover, high

solar radiation with enhanced ultraviolet (UV) levels acts overall as

a strong environmental agent that transforms aquatic DOM

(Queimali~nos et al., 2012; Zagarese et al., 2017). In fact, the optical

properties of aquatic DOM accurately reflect allochthonous inputs

in autumn and spring and also the effect of photochemical and bio-

logical degradation during spring and summer (Soto C�ardenas et al.,

2017).

Temperate regions in South America are currently experiencing

the impact of a changing climate (Garreaud, Lopez, Minvielle, &

Rojas, 2013; Intergovernmental Panel on Climate Change, 2013).

Patagonia is undergoing subtle but sustained warming and drying,

causing an overall climate shift from cool-wet to warm-dry condi-

tions and significant hydroclimatic (Garreaud et al., 2013; Masiokas

et al., 2008) and biotic changes (Daniels & Veblen, 2004). The native

Nothofagus (austral beech) forest treeline elevation appears to reflect

this more continental-like climate and longer snow-free growing sea-

son, particularly in the northeastern Andean sector (Daniels &

Veblen, 2004). If this hydroclimatic trend is sustained, it will be criti-

cal for the Andean forest treeline, affecting the C contribution from

N. pumilio forest to soils and headwaters, and the internal processes

controlling DOM transformation.

This investigation aims to characterise the composition and reac-

tivity of DOM leached from the leaf litter and soil of a N. pumilio

forest stand and from natural water from an adjacent low order

stream of Andean Patagonia. We also aim to evaluate the processes

involved in DOM transformation, and for this purpose, we per-

formed photo- and biodegradation experiments. We characterised

the DOM through analysis of chromophoric dissolved organic matter

(CDOM) and its fluorescent fraction (FDOM), which provides insight

into its nature and diagenetic state (Aiken, 2014), accurately tracking

the impact of photo- and biodegradation processes (Chen & Jaff�e,

2016; Cory & Kaplan, 2012; Fellman, Petrone, & Grierson, 2013).

We hypothesised that allochthonous DOM, leached from soil and

leaf litter, makes a major contribution to stream DOM, which shares

optical prints with these sources, also reflecting their photochemical

and biological transformation. DOM reactivity to photo- and

biodegradation is expected to decrease from leaf litter towards soil
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and stream water, concomitant with increasing carbon mineralisa-

tion.

2 | METHODS

2.1 | Sampling and conditioning of DOM from
source material

Soil and leaf litter from native Andean Patagonian forest were

obtained from a plot in the riparian zone of a low order stream

(41°10030.5″S, 71°33019.0″W, 1,246 m elevation) within the catch-

ment of lake Moreno East (Nahuel Huapi National Park, northwest-

ern Patagonia). This area is characterised by soils with deposits of

volcanic and pyroclastic products, high-water retention (Andisols)

and forest cover of the deciduous broadleaf N. pumilio (Albari~no

et al., 2009; Garcia, Reissig, et al., 2015).

Soil samples were collected from a plot down to a depth of

3 cm, and N. pumilio leaves were cut directly from the trees (ca.

1.5 m) just before leaf drop (austral autumn). Samples were placed in

plastic bags and stored in a cooler. In the laboratory, the soil samples

were sieved (1-mm mesh) to remove coarse materials and stored at

�8°C. Leaf litter was air-dried for 10 days at room temperature (~20

°C) and preserved until the start of the experiments. Although freez-

ing and drying may affect leaching (Cuss & Gu�eguen, 2013), these

processes resemble the natural conditions experienced by high alti-

tude N. pumilio forests in the North Patagonian Andes. Moreover, it

has been found that the freezing and thawing of soil do not have a

strong effect on microbial biomass or community structure (Haei

et al., 2011; Koponen et al., 2006).

Water samples were collected in July 2015 (austral winter)

close to the outlet of a low order stream that flows into Lake Mor-

eno, using a polycarbonate carboy (5 L; acid-washed). They were

transported to the laboratory in darkness and thermally insulated.

Stream water was sterilised by filtration (Millipore PVDF, 0.22 lm

pore size membranes, Brazil) and used immediately for the pho-

todegradation experiment. This stream has been characterised as

ultraoligotrophic, with low nutrient (total phosphorus = 5–50 lg/L;

total nitrogen = 200–500 lg/L) and DOC concentrations

(0.5–3.0 mg/L), low conductivity (40–70 lS/cm2), circumneutral pH

(6.4–7.8) and high levels of dissolved oxygen (8–12 mg/L) (Garcia,

Reissig, et al., 2015).

2.2 | DOM leachates

DOM leachates were obtained simultaneously from leaf and soil

samples incubated separately in Milli-Q water. The soil and leaf litter

samples were first dried at room temperature (~20°C) to constant

weight. Subsamples of material, of 12.5 g dry weight, were placed in

acid-washed and pre-combusted glass flasks with 2.5 L of sterile

Milli-Q water in triplicate. The replicates were incubated inside an

environmental test chamber (Sanyo MLR5, Japan) in darkness, at

10°C (mean stream water temperature during autumn) for 48 hr.

Once incubation was complete, the leachates were filtered through

pre-combusted glass fibre filters (Munktell MF/F, 0.7 lm pore size

filters, Sweden) to obtain the DOM and the associated microbiota

(heterotrophic bacteria <0.7 lm) for the biodegradation experiment.

For the photodegradation experiment, the leachates were sterilised

by filtration (Millipore PVDF, 0.22 lm pore size membranes).

2.3 | Water analysis

Water conductivity and pH were measured with sondes YSI 85 and

Hanna HI98150 (USA), respectively.

Characterisation of DOM concentration and quality was per-

formed in sterile-filtered (PVDF, Millipore; 0.22 lm) water samples.

Dissolved organic and inorganic carbon concentrations (DOC and

DIC, respectively) were measured in a carbon analyser (Shimadzu

TOC-L, USA). Optical characterisation of CDOM and FDOM was

carried out using UV–visible and fluorescence spectroscopy, respec-

tively. The absorbance spectra (200–800 nm) from filtered water

samples were obtained at 1-nm intervals in a UV–visible spectropho-

tometer (Shimadzu UV1800, USA), using a 100-mm quartz cuvette.

Sterile Milli-Q water was used as reference blank to subtract from

each sample spectrum. The averaged UV–visible absorbance

between 700 and 800 nm was subtracted from each spectrum to

correct for any offsets due to instrument baseline effects (Helms

et al., 2008). The FDOM analysis was performed by scanning the

water samples in a spectrofluorometer (Perkin-Elmer 55B, USA) with

a 150-WXenon arc lamp and a Peltier temperature controller (PTP-1

Perkin-Elmer, USA), using a 10 mm quartz cell. DOM synchronous

fluorescence spectra (SFS) were measured to identify fluorophores

and track changes in DOM fluorescence throughout the experi-

ments. SFS were obtained at 20°C using ASTM1 water (Milli-Q) as

blank. Scans were performed over the excitation wavelength range

of 250–550 nm (offset value between excitation and emission wave-

lengths Dk = 80 nm; slit width = 10 nm).

2.4 | Laboratory experiments

Two laboratory experiments were performed to study DOM trans-

formation through photo- and biodegradation using DOM leached

from soil and leaf litter. Stream water was also used as a DOM

source in the photodegradation experiment. All experiments were

conducted simultaneously in July 2015, starting immediately after

the leachates, and stream water samples were collected. In the

photodegradation experiment, incubation of DOM from soil and

leaf litter leachates and stream water was performed under two

lighting conditions: Dark and PAR+UVR. Five replicates were

assigned to each DOM treatment, totalling 30 experimental units.

DOM leachates were standardised to a DOC concentration of

4 mg/L by adding Milli-Q water followed by sterilisation by filtra-

tion (Millipore PVDF, 0.22 lm pore size, Brazil). Then DOM was

poured into pre-combusted quartz tubes (30 ml) and incubated in

the environmental test chamber at 20°C with a photoperiod of

14 hr light:10 hr dark. Light was provided by an array of 10 fluo-

rescent tubes (PAR, photosynthetic active radiations), 1 Q-panel
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QFS40 (UV-B) and 2 Q-panels 340 (UV-A), placed laterally on

three sides of the test chamber, emitting daily doses of 9.17 kJ/

m2 of UV-B, 61.92 kJ/m2 of UV-A and 75.71 lEm2/s of PAR. The

dark replicates were wrapped with aluminium foil. Experimental

units were placed randomly in a vertical wheel and set to rotate

at 1 rpm, to ensure their homogenous exposure of the experimen-

tal units. After 72 hr of incubation, the samples were filtered (Mil-

lipore PVDF, 0.22 lm pore size membranes), and the DOM was

characterised.

Biodegradation experiments were performed to study DOM

transformation by microbiota. A factorial experiment was conducted

with two DOM treatments (soil and leaf litter leachates) and incu-

bated at 10°C, in darkness, for different time periods (t = 0, 2, 4, 6,

8, 12, 18, 24 and 30 days) in a test chamber (Semedic, Argentina).

Two DOM treatments were run with three replicates per incubation

time (nine), totalling 54 experimental units. Soil and leaf litter lea-

chates (200 ml) with associated microbiota were poured into pre-

combusted Erlenmeyer flasks. Nine replicates of Milli-Q water (one

per incubation time) were set-up as filter blanks to monitor baseline

conditions throughout the experiment. During the experiment, three

replicates of each treatment and one control were removed at each

established incubation time. A 100 ml sample was taken to measure

pH and conductivity, a 50 ml sample was sterilised by filtration and

used to measure DOC and DIC concentrations and to perform opti-

cal characterisation. The remaining 50 ml of each replicate was pre-

served with glutaraldehyde (final concentration 1%) to determine

bacterial abundance and biomass. These samples were filtered on

black membranes (Millipore MSI, 0.22 lm, Brazil) and stained with

40 6-diamidino-2-phenylindole (DAPI), following Porter and Feig

(1980), for determination of microbial (Bacteria and/or Archaea)

abundance and biomass. The filters obtained were mounted on

microscope slides using immersion oil for fluorescence microscopy

and stored at �20°C. Cells were counted at 1,0009 using an epi-

fluorescence microscope (Olympus BX50, USA) equipped with an

HBO 50 lamp and a filter for UV excitation. Bacteria size and mor-

photype characterisation were evaluated from 15 digital images

captured in each replicate, using the software Image Pro Plus 4.5

(USA). About 350 cells were measured per filter to determine size,

and cell biovolume was calculated following Massana et al. (1997)

from two-dimensional size parameters, considering geometric

shapes. Biovolume was transformed into carbon biomass using the

formula proposed by Norland (1993), derived from Simon and Azam

(1989).

2.5 | Data analysis

The absorption coefficients a254 and a350 were calculated from

absorbance scans and normalised by DOC concentration. These

coefficients were used as indicators of DOM aromaticity and relative

lignin content (a tracer of terrigenous DOM), respectively (Fichot &

Benner, 2012; Helms et al., 2014). The spectral slope for the interval

275–295 nm (S275–295) was used as an indicator of DOM molecular

size and/or as a degradation proxy (Helms et al., 2008; Spencer

et al., 2010). The humification index (HIX, Ohno, 2002) was applied

to assess the DOM source, diagenesis and sorptive capacity. This

index ranges from 0 to 1, with higher values indicating increasing

humification. Further information is provided in Supplementary

Methods and Table S1.

Excitation–emission matrices (EEMs) were analysed using Parallel

Factor Analysis (PARAFAC; Murphy, Stedmon, Wenig, & Bro, 2014),

the fluorescence intensities of the main fluorescent peaks being

recorded to identify the fluorophores occurring in the different

DOM sources. PARAFAC was run with 79 EEMs obtained for the

initial characterisation of the leachates and stream water and from

all the experiments, using the DOMFluor toolbox for

MATLAB�R2014a (Natick, USA). The scatter peaks (Rayleigh and

Raman) were removed from the analysis following the methodology

proposed by Stedmon and Bro (2008). An exploratory analysis using

non-negative constraints was applied to identify and remove outliers

from the data set, based on instrument errors, artefacts and discrep-

ancy with other samples, determined by calculating a leverage of

0.5. The number of components discriminated by the PARAFAC was

validated by split-half analysis applying 10 random initialisations

(Murphy, Stedmon, Graeber, & Bro, 2013). Finally, excitation and

emission loadings were used to locate the excitation and emission

peaks of the components and their maximum intensity (Fmax) (Mur-

phy et al., 2013). The relative fluorescence intensity of each compo-

nent was normalised to the DOC concentration. The excitation and

emission spectra obtained through the PARAFAC were checked

against the fluorescence spectra in the OpenFluor database (www.

openfluor.org, Murphy et al., 2014), to explore their coincidence

with components reported in other studies, assuming similarity with

a minimum score of 0.95.

One-way ANOVA or t tests were applied to study changes in

DOM parameters between radiation treatments in the photodegra-

dation experiment, and between initial and final conditions in the

biodegradation experiment. Data were tested for equal variance and

normality.

Principal component analysis (PCA) was used to analyse sepa-

rately the effects of photo- and biodegradation on DOM properties.

PCA and correlation tests were performed using the open software

Rstudio V3.3.3 (Boston, USA), package FactoMineR. Response vari-

ables were log-transformed, centred and standardised for the PCA.

3 | RESULTS

3.1 | Characterisation of DOM from different
source materials

Conductivity, pH and DOM concentration and quality differed signif-

icantly between source materials (Table 1). Leaf litter leachates

showed the lowest mean pH (~5) and highest conductivity

(~126 lS/cm2), followed by soil leachates (~6.4 and 16 lS/cm2) and

stream water (7.4 and 48.4 lS/cm2). DOC concentration was signifi-

cantly higher in leaf litter than in soil and stream water samples

(Table 1). In the case of the DIC concentration, the opposite pattern
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was found, with soil leachates showing the highest values, followed

by stream and leaf leachates. Leaf litter DOM showed the highest

DOC:DIC ratio, followed by soil and finally stream water (Table 1).

The a254:DOC, applied as a proxy for aromaticity, was higher in soil

and stream than in leaf litter leachates. A similar trend was found in

the a350:DOC, used as an indicator of lignin content and tracer of

terrigenous DOC. The S275–295 values indicated that the highest

DOM molecular size was in stream water, followed by soil and leaf

litter samples (Table 1). Humification index was much higher in soil

and stream than in leaf litter leachates (Table 1).

The PARAFAC analysis of the EEMs identified four fluorescent

components (C1, C2, C3 and C4), which contributed differently to

the FDOM of the three sources studied (Table S2). Component 1

showed two excitation maxima at a single emission spectrum,

reflecting the combination of fluorescent peaks A and C and match-

ing terrestrially derived material identified previously in different

aquatic environments (Tables S1 and S2). C2 was associated with

the T-peak and related to a mixture of non-humic compounds com-

prising proteins, amino acids and phenolic moieties that may be

products of the leaching of polyphenols from senescent plants

(Kellerman, Kothawala, Dittmar, & Tranvik, 2015; Maie, Scully, Pisani,

& Jaff�e, 2007). C3, a combination of fluorescent peaks A and M,

was probably composed of humic-like compounds derived from bio-

logical/microbial activity. C4 was composed of humic substances

associated with a particular M peak, differing in its excitation and

emission wavelengths from the M peak in C3. This particular M peak

prevailed in leaf samples and is mentioned hereafter as ML. C4 did

not match any published component in the OpenFluor database;

however, it resembled a component (C5) identified in senescent leaf

leachates by Cuss and Gu�eguen (2015).

Analysis of the relative contribution of the four components to

each DOM source showed two distinctive patterns, with the humic

components C3 and C1 dominant in stream water and soil leachates,

and C2 and C4 prevailing in leaf litter leachates (Table 1).

3.2 | Photodegradation experiment

In general, the DOC concentration of stream water and soil lea-

chates showed negligible change during incubation, regardless of the

light treatment. However, leaf litter leachates displayed a slight but

significant increase in the DOC under PAR+UVR. The DIC decreased

in all DOM sources under PAR+UVR (Table 2). The DOC:DIC ratio

increased in the leachates under PAR+UVR, but was stable in stream

water. The pH remained stable in all DOM sources and regardless of

the light treatment, whereas conductivity was steady in soil DOM,

decreased slightly in stream and dropped significantly (~52%) in leaf

litter DOM, particularly under PAR+UVR (Table 2).

Exposure to PAR+UVR induced a reduction in molecular size in

all DOM sources, reflected by higher S275–295 values. In the lea-

chates, a reduction in DOM aromaticity and lignin was inferred

through the decrease found in a254:DOC and a350:DOC, respectively.

Moreover, significant losses in total fluorescence were detected, and

reflected by all four components (Table 2). Under PAR+UVR, C3

decreased more notably in stream and soil leachates, and C4

decreased more in leaf litter leachates, corresponding to degradation

of the M and ML peaks, respectively (Figure 1). C1 was compara-

tively more photoresistant than the other components, regardless of

its source and contribution to total fluorescence (Table 2; Figure 1).

C1 (as percentage of total fluorescence; %C1) increased under

PAR+UVR, showing greater change in stream water and soil lea-

chates. An increase in %C2 after irradiation was observed only in

leaf litter leachates (Table 2).

The two principal components (PC1 and PC2) obtained from the

PCA performed to study the effect of photodegradation on different

DOM sources accounted for 86.72% of the total variance in the data

set (Figure 2). PC1 explained 69.4% of the total variance, being

directly correlated with the humic-like components C1 and C3 (C1:

DOC, r = .99; C3:DOC, r = .97), aromaticity (a254:DOC, r = .98), lig-

nin content (a350:DOC, r = .95) and humification index (r = .95),

while correlating negatively with molecular weight (S275–295,

r = �.75) and the non-humic components C2 (r = �.87) and C4

(r = �.47). PC2 accounted for 17.35% of the total variance, with

positive correlations with C4 (C4:DOC, r = .82) and total fluores-

cence (r = .53), and a negative correlation with molecular weight

(S275–295, r = �.60). PC1 separated the different DOM sources, clus-

tering stream water and soil leachates separately from leaf litter lea-

chates; whereas the effect of irradiation was discriminated along

PC1 and PC2. The fresh DOM of leaf litter showed high negative

scores with PC1, associated with the higher contribution of C2 and

lower molecular weight, grouping at the left side of the plot. In con-

trast, the humic soil and stream DOM showed a higher contribution

of C1 and C3, higher molecular weight, aromaticity, lignin content

and humification, clustering at the right (Figure 2). Along PC1, repli-

cates of the PAR+UVR treatment, displaying lower values of aro-

maticity, lignin content and components C1, C2 and C3, were

separated from the dark treatment. PC2 also discriminated the effect

of radiation, with PAR+UVR replicates exhibiting lower molecular

weight, lower total fluorescence and C4 and grouping separately

from unexposed replicates (Figure 2).

3.3 | Biodegradation experiment

The microbial communities growing on soil and leaf litter leachates

consisted of three bacterial morphotypes: cocci, short-rod shaped

(S-Rod) and long-rod shaped (L-Rod). Total abundance, mean cellular

size and total carbon content of these morphotypes were always

higher in leaf litter than in soil samples (Tables 3 and S3; Figure S1a,

b). Total bacterial abundance increased throughout the experiment in

both leachates, with a greater increase in leaf litter (Table 3; Fig-

ure S1a,b). In terms of carbon biomass, the microbial assemblage

growing in leaf litter DOM was two orders of magnitude higher than

in soil DOM after incubation. In soil leachates, the S-Rods were

dominant at the beginning of incubation, but later on cocci showed

higher biomass, followed by the S-Rods and L-Rods (Figure S1a). In

contrast, in leaf litter leachates, the S-Rods and L-Rods codominated

the biomass during the first 10 days of incubation, while cocci
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showed the highest biomass later on (Figure S1b). At the end of

incubation, the biomass in soil and leaf litter leachates was domi-

nated by cocci (~50 and 63%, respectively), followed by S-Rods

(~29% and 30%) and L-Rods (~19% and 8%) (Table 3; Figure S1a,b).

During the experimental exposure, DOC concentration was sig-

nificantly reduced by microbial activity, especially in leaf litter

DOM (~53%). DIC concentration remained stable during the first

week of incubation in leaf litter leachates, subsequently increasing

up to ~975%. In soil samples, the DOC and DIC concentrations

decreased during incubation, although the change was less pro-

nounced than in leaf leachates (~24% and ~13%, respectively)

(Table 3; Figure S1c,d). Conductivity decreased sharply in leaf litter

leachates and moderately in soil, while pH presented the opposite

pattern (Table 3).

During leachate incubation, CDOM and FDOM exhibited clear

signs of biodegradation, reflected by increasing aromaticity, lignin

content (a254:DOC and a350:DOC, respectively) and molecular weight

(lower S275–295), although changes were more pronounced in leaf lit-

ter leachates (Table 3; Figure S1e,f). During leaf litter DOM incuba-

tion, the intensity of components C4, C2 and C3 decreased

substantially, while C1 increased (Figures 3 and S1h). This pattern

clearly reflects humification, which was also indicated by decreasing

values of the ML and T peaks, along with an increase in the C peak

(Table 3). Furthermore, at the end of the experiment, the contribu-

tion of humic component C1 was threefold higher than at the begin-

ning of incubation. In soil DOM, the intensity of all the components

decreased, but the change was greater in C2 (T peak) (Figure S1g).

At the end of the biodegradation experiment, a reduction of the T

TABLE 2 Chemical and DOM parameters (mean � 1 SD) of natural stream water and soil and leaf litter leachates. Results of t test
comparing irradiation treatments (dark versus PAR+UVR) in the photodegradation experiment. DOC, dissolved organic carbon concentration;
DIC, dissolved inorganic carbon concentration; %Ci, relative contribution of PARAFAC components (C1, C2, C3 and C4) to total fluorescence;
A, C, T, M and ML, DOM fluorescence peaks; SFS, synchronous fluorescence spectrum

Features

Stream Soil Leaves

Dark PAR+UVR p Dark PAR+UVR p Dark PAR+UVR p

DOC (mg/L) 0.73 (0.05) 0.66 (0.06) ns 4.04 (0.05) 4.03 (0.03) ns 4.2 (0.1) 4.3 (0.1) *

DIC (mg/L) 4.61 (0.12) 4.51 (0.01) ns 0.65 (0.06) 0.59 (0.06) ns 0.38 (0.01) 0.35 (0.01) *

DOC:DIC 0.2 (0.1) 0.2 (0.1) ns 6.3 (0.6) 6.9 (0.6) ns 11.1 (0.5) 12.5 (0.4) **

pH 7.3 (0.1) 7.4 (0.1) ns 6.2 (0.1) 6.3 (0.1) ns 5.6 (0.1) 5.6 (0.2) ns

Conductivity (lS/cm2) 48.4 (1.5) 46.5 (0.7) * 16.7 (5.6) 17.1 (3.2) ns 16.7 (3.4) 8.0 (0.7) **

CDOM features

a254:DOC (L mg�1 m�1) 5.81 (0.36) 5.93 (0.35) ns 6.60 (0.10) 5.35 (0.07) ** 3.79 (0.05) 3.31 (0.03) **

a350:DOC (L mg�1 m�1) 1.58 (0.09) 1.49 (0.12) ns 1.82 (0.03) 1.34 (0.01) * 1.02 (0.02) 0.92 (0.05) *

S275–295 (10�3 nm�1) 13.57 (0.09) 17.65 (0.23) ** 13.91 (0.08) 17.72 (0.05) ** 18.11 (0.11) 21.32 (0.41) *

FDOM features

Humification index 0.95 (0.01) 0.95 (0.01) ns 0.97 (0.01) 0.97 (0.01) ns 0.32 (0.01) 0.44 (0.03) **

Total fluorescence (RU) 0.20 (0.01) 0.15 (0.01) ** 1.65 (0.03) 1.10 (0.01) ** 1.08 (0.09) 0.44 (0.01) *

%C1 (A+C) 38.2 (1.2) 44.7 (0.5) ** 42.1 (0.4) 51.5 (0.3) ** 9.2 (0.9) 16.7 (1.1) *

%C2 (T) 6.1 (0.6) 4.9 (0.2) * 3.3 (0.7) 2.0 (0.3) * 49.7 (1.5) 56.5 (1.5) *

%C3 (A+M) 52.8 (0.3) 50.4 (0.5) ** 49.6 (0.7) 46.6 (0.4) ** 5.8 (1.2) 2.9 (0.8) *

%C4 (ML) 3.0 (1.4) 0.0 (0.0) * 5.0 (0.8) 0.0 (0.0) * 35.2 (1.8) 23.9 (0.5) **

C1 (A+C) (RU) 0.08 (0.01) 0.06 (0.01) ** 0.69 (0.01) 0.57 (0.01) ** 0.10 (0.01) 0.07 (0.01) **

C2 (T) (RU) 0.01 (0.01) 0.01 (0.01) ** 0.05 (0.01) 0.02 (0.01) ** 0.54 (0.06) 0.25 (0.01) *

C3 (A+M) (RU) 0.11 (0.01) 0.07 (0.01) ** 0.82 (0.02) 0.51 (0.01) ** 0.06 (0.02) 0.01 (0.01) *

C4 (ML) (RU) 0.01 (0.01) 0.00 (0.00) * 0.08 (0.01) 0.00 (0.00) * 0.38 (0.01) 0.11 (0.01) **

FDOM plots

SFS (RU)

Wavelength (nm)
300 400 500

R
U

0.0

0.2

0.4

T M C
Soil

Dark
PAR+UVR

Wavelength (nm)
300 400 500

R
U

0.0

0.2

0.4
T M C

Leaf litter

Dark
PAR+UVR

* = p < .05; ** = p < .001; ns = p > .05.
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peak was observed in the synchronous fluorescence spectra

(Table 3).

The first and second principal components (PC1 and PC2) of the

PCA performed to analyse the biodegradation process accounted to

explain 93.5% of the data set variation (Figure 4). PC1 explained

80.3% and the variables correlating positively were total fluores-

cence (r = .99), DOC concentration (r = .99), C4:DOC (r = .97), C2:

DOC (r = .96) and the S275–295 (r = .94). The variables correlating

negatively with this axis were humification (r = �.99), a254:DOC

(r = �.99), a350:DOC (r = �.81), C3:DOC (r = .99) and C1:DOC

(r = .98). PC2 explained 13.2% of the total variance, correlating posi-

tively with DIC concentration (r = .94), bacterial biomass (r = .54)

and a350:DOC (r = .54). PC1 discriminated DOM sources, with the

fresher DOM of leaf litter clustering on the right side of the plot

and soil leachates grouping on the left (Figure 4). In leaf samples, the

effect of biodegradation was apparent along both axes, showing pro-

gressive humification, reflected by increasing DIC, C1, a254:DOC,

a350:DOC, molecular weight (S275–295) and bacterial biomass, and

decreasing DOC, C2 and C4. Although the change in optical parame-

ters overall was lower in soil DOM, it showed the same trend.

Bacterial biomass was negatively correlated with DOC and total

fluorescence in both leachates, indicating the transfer of carbon from

the DOM pool to the microbiota. In leaf litter DOM, the negative

correlation between bacterial biomass C2 (T peak) and C4 (ML peak)

reflected their biolability, while the negative correlation with C1 and

the positive correlation with aromaticity and lignin content indicated

humification (Figure S2). In soil DOM, the negative correlation

between bacterial biomass and C2, and the lack of correlation with

the other components, suggested the refractory condition and lim-

ited biolability of this source, which was also supported by positive

correlations with bacterial biomass and molecular weight (Figure S2).

4 | DISCUSSION

Leaf litter and soil leachates showed different contributions of DOM

in terms of concentration and quality. Leaf and soil samples yielded

contrasting amounts of DOC, ~300 mg/L and ~5 mg/L, respectively.

In contrast, DIC concentration in soil leachates was twofold higher

(0.8 mg/L) than in leaf litter (0.4 mg/L). In stream water, DOC was

much lower (0.7 mg/L) while DIC was the highest recorded (4.6 mg/

L) (Table 1). The distinctive DOC:DIC of the leachates and stream

water reflects a processing gradient, with the fresher DOM of leaf

litter showing the lowest level of processing (highest DOC:DIC ratio),

increasing towards soil and finally to stream water (Table 1). This

DOM processing gradient was also detected through optical parame-

ters. The leachates and stream water displayed overall high molecu-

lar weight (S275–295 > 13�10�3 nm�1), characteristic of terrestrially

derived DOM (Helms et al., 2008; Spencer et al., 2010), although

differences between sources were apparent. Soil and stream DOM

showed greater humification, reflected by their high aromaticity and

lignin content and higher humification index, contrasting with the

fresher DOM from leaf litter (Tables 1 and S1). The different DOM

amounts and quality yielded by soil and leaf indicated the increasing

natural loss of hydrosoluble compounds from the end-member

(leaves) to the soil. Moreover, the similarity observed between

stream and soil leachates revealed the importance of soil DOM to

stream water. The lower DOC and higher DIC of stream water in

relation to the leachates suggested a continuum in DOM loss/trans-

formation from the terrestrial towards the aquatic compartment. In

fact, DOM from leaf biomass has been shown to contain labile and

low molecular weight organic substances (e.g., amino acids, soluble

phenols), carbohydrates, and phenolic compounds derived from tan-

nins and lignin (Chen & Jaff�e, 2016; Cuss & Gu�eguen, 2015; Maie

et al., 2007), which are preferentially transformed at the soil surface

(Uselman, Qualls, & Lilienfein, 2012). The leaching of water-soluble

F IGURE 1 Changes in the fluorescence intensity of the
PARAFAC components (C1, C2, C3 and C4) present in stream water
and soil and leaf litter leachates in the different irradiation
treatments of the photodegradation experiment. Bars are mean
values (�1 SD; n = 4–5). * = p < .05 (t test)
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compounds to deeper soil strata and microbial use/generation of

labile/humic DOM produce the accumulation of recalcitrant com-

pounds in the upper soil horizon (Hur, Park, & Schlautman, 2009;

Kalbitz et al., 2003; Michel et al., 2006). Thus, topsoil DOM retains

comparatively more hydrophobic compounds, including a higher pro-

portion of less labile aromatic molecules with a history of processing

(Kaiser & Kalbitz, 2012; Kalbitz et al., 2003).

The fluorescent components dominating the DOM pool of soil

and stream were the humic C1 (A+C peaks) and C3 (A+M peaks),

whereas the humic C4 (ML peak) and the non-humic compound C2

(T peak) prevailed in leaf litter DOM. C3 and C4 are both comprised

in the M peak region (M peak in soil leachates and stream and ML

peak in leaf samples). The slight shift in the Em/Ex coordinates of

these peaks is probably due to their different degree of processing

(Tables 1, S1 and S2). In the case of the leachates, C2 (T peak) can

certainly be attributed to compounds from the degradation of vascu-

lar plant leachates, such as tannins and lignins. Non-protein com-

pounds, such as propylphenol monomers (that build up lignin present

in vascular plant leachates) and tannins, fluoresce in the low-UV

region of the EEM (Hansen et al., 2016; Hernes, Bergamaschi, Eck-

ard, & Spencer, 2009; Maie et al., 2007).

The humic components C1 and C3 and non-humic C2 have been

found in DOM from aquatic systems of the same catchment

(Table S2). The DOM of these Andean systems is predominantly

allochthonous, and the temporal variation of its components is related

to changing terrestrial inputs and photochemical and biological degra-

dation (Garcia, Reissig, et al., 2015; Garcia, Di�eguez, & Queimali~nos,

2015; Soto C�ardenas et al., 2017). The C4 recorded in DOM leached

from N. pumilio leaves does not match any component included in

OpenFluor because this database comprises so far exclusively aquatic

DOM components. Nevertheless, C4 matches one component

described by Cuss and Gu�eguen (2015) in leachates of senescent

maple leaves. We consider that C4 degradation contributes to the

humic C1 and C3 prevailing in soil leachates and stream water.

Our experiments focused on photochemical and biological trans-

formation patterns of DOM from different sources.

Photodegradation of leachates and stream water showed little to

negligible change in DOC (Table 2). The different DOM sources

exhibited decay in absorbance and fluorescence, which was more

pronounced in leaf litter leachates than in soil and stream, probably

due to the photoreduction of chromophores (Chen & Jaff�e, 2016;

Helms et al., 2008, 2014). A general decrease in molecular weight,

aromaticity and lignin content was detected in the leachates

(Table 2; Figure 2). The increase in DOM spectral slopes following

irradiation has been attributed to a shift from high molecular weight

to low molecular weight compounds in natural waters (Helms et al.,

2008, 2014; Spencer et al., 2009) and also in soil and biomass

extracts (Chen & Jaff�e, 2016; Fellman et al., 2013; Hansen et al.,

2016). The molecular weight and aromaticity of compounds are

related to molar absorptivity, and photodegradation decreases both

parameters in terrigenous CDOM (Aiken, 2014; Fichot & Benner,

2012; Helms et al., 2008, 2014). Lignin in particular is a highly pho-

toreactive biopolymer (Fichot & Benner, 2012; Fichot et al., 2016;

Ishii & Boyer, 2012) that can be completely degraded under natural

radiation (Spencer et al., 2009).

In our photodegradation experiment, we observed a change

towards higher humification, particularly in leaf litter DOM. In con-

trast, soil and stream DOM remained almost unchanged, indicating

the higher photoresistance of their prevailing components C1 and

C3 (Table 2; Figure 2). In leaf litter samples, C2 and C4 (ML peak)

decreased, but the latter was more readily photodegraded. The smal-

ler decrease in C2 may represent a trade-off between its pho-

todegradation and photoproduction from C4. Photoreduction of

humic substances such as C4 generates compounds of low molecular

weight, such as the non-humic T-peak (Maie et al., 2007; Stubbins

et al., 2010). In soil and stream DOM, C3 decreased more than C1;

thus, the higher photoresistance of soil leachates and stream water

may be related to prevalence of the humic C1 (Figure 1).

In the experimental conditions applied, DOM from stream water

displayed recalcitrance. However, we cannot rule out the possibility

that longer exposure to radiation could promote further degradation.

Other studies have reported almost complete degradation of

PC1(69.4%)
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Soil leachate
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leachate
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Soil
Leaves
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F IGURE 2 Plot of the two principal
components (PC1 and PC2) obtained in
the principal component analysis (PCA)
including CDOM and FDOM parameters
(a254:DOC, a350:DOC, S275–295, HIX and
DOC-normalised PARAFAC components)
in the photodegradation experiment. HIX,
humification index; TFDOM: Total
fluorescence of dissolved organic matter
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recalcitrant allochthonous DOM under long-term exposure to radia-

tion (Fichot et al., 2016; Helms et al., 2014).

The biodegradation experiment showed high consumption of DOC

by bacteria. Soil DOM was comparatively more biorecalcitrant than

leaf litter DOM (Figure 4), as indicated by the higher growth (abun-

dance and biomass) of bacteria in leaf litter leachates and higher DOC

consumption and DIC production (Table 3; Figures 4 and S1). More-

over, bacterial morphotypes growing in leaf samples were

TABLE 3 Physicochemical and DOM parameters and microbial community features (mean � 1 SD) of soil and leaf litter leachates exposed
to biodegradation. Results of the statistical analysis (t test) comparing initial (day 0) versus final (day 30) conditions in the biodegradation
experiment. DOC, dissolved organic carbon concentration; DIC, dissolved inorganic carbon concentration; %Ci, relative contribution of
PARAFAC components (C1, C2, C3 and C4) to total fluorescence; SFS, synchronous fluorescence spectrum

Features

Soil leachates Leaf litter leachates

Initial Final p Initial Final p

DOC (mg/L) 5.01 (0.06) 3.84 (0.16) ** 304.5 (1.3) 145.3 (4.4) **

DIC (mg/L) 0.79 (0.02) 0.69 (0.08) * 0.40 (0.02) 3.95 (0.16) *

DOC:DIC 6.3 (0.2) 5.6 (0.4) * 755.0 (33.3) 36.8 (1.4) **

pH 6.4 (0.1) 6.6 (0.2) ns 4.9 (0.1) 7.4 (0.1) **

Conductivity (lS/cm2) 15.9 (0.3) 15.0 (1.5) ns 125.8 (1.0) 96.0 (3.2) **

CDOM features

a254:DOC (L mg�1 m�1) 5.95 (0.11) 6.90 (0.17) * 3.08 (0.05) 5.16 (0.08) **

a350:DOC (L mg�1 m�1) 1.56 (0.03) 1.87 (0.05) * 0.72 (0.01) 1.75 (0.03) **

S275–295 (10�3 nm�1) 14.52 (0.04) 13.80 (0.04) ** 17.42 (0.02) 14.98 (0.04) **

FDOM features

Humification index 0.95 (0.01) 0.97 (0.01) ** 0.40 (0.01) 0.54 (0.01) **

Total fluorescence (RU) 1.92 (0.05) 1.69 (0.10) * 55.20 (0.88) 21.90 (0.80) **

%C1 (A+C) 41.2 (0.3) 43.1 (0.3) ** 3.6 (0.1) 17.0 (0.9) **

%C2 (T) 6.4 (0.2) 2.8 (0.3) ** 41.1 (0.1) 41.5 (0.4) ns

%C3 (A+M) 47.9 (0.5) 49.5 (0.5) * 10.3 (0.1) 14.3 (0.3) **

%C4 (ML) 4.5 (0.7) 4.5 (0.8) ns 45.0 (0.2) 27.1 (0.6) **

C1 (A+C) (RU) 0.79 (0.03) 0.73 (0.05) ns 1.97 (0.04) 3.73 (0.25) **

C2 (T) (RU) 0.12 (0.01) 0.05 (0.01) ** 22.66 (0.41) 9.09 (0.26) **

C3 (A+M) (RU) 0.92 (0.03) 0.84 (0.05) ns 5.71 (0.10) 3.14 (0.17) **

C4 (ML) (RU) 0.09 (0.01) 0.08 (0.01) ns 24.86 (0.43) 5.94 (0.25) **

Microbial community parameters

Total abundance (106 cell/ml) 1.51 (0.14) 3.67 (1.09) * 0.04 (0.01) 66.00 (10.23) **

%Cocci abundance 61.6 (3.8) 71.9 (0.5) * 80.0 (1.5) 70.4 (4.0) *

%S-rod abundance 31.4 (3.0) 20.4 (0.7) * 12.6 (1.9) 24.5 (3.6) *

%L-rod abundance 7.0 (1.4) 7.7 (0.6) ns 7.4 (0.6) 5.1 (0.8) *

Total biomass (104 pg Carbon/ml) 2.69 (0.17) 5.40 (1.25) * 0.12 (0.03) 178.80 (26.57) **

%Cocci biomass 40.1 (3.8) 51.1 (0.7) * 38.5 (1.4) 62.7 (4.5) **

%S-rod biomass 45.5 (3.1) 29.4 (1.1) ** 23.3 (3.3) 29.5 (3.9) ns

%L-rod biomass 14.4 (2.6) 19.4 (1.4) * 38.2 (2.9) 7.8 (1.2) **

FDOM plots

SFS (RU)
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* = p < .05; ** = p < .001; ns: p > .05.
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comparatively larger and had higher carbon content (Table S3). The L-

and S-rods were more abundant in leaf litter leachates, while S-rods

prevailed in soil samples as long as labile DOM was available. Cocci

outnumbered other morphotypes when humic biorecalcitrant material

had built-up (Figure S1). Differences in bioreactivity in the DOM

sources were reflected in the DOC:DIC ratio, which decreased ~95%

in leaf litter and ~12% in soil. The increasing DIC values indicated pro-

gressive DOC mineralisation due to microbial processing.

Changes in DOM quality due to microbial activity showed similar

trends regardless of DOM source, although it was greater in leaf

DOM (Table 3; Figures 4 and S1). Biodegradation caused humifica-

tion, reflected by increasing molecular weight and lignin content

throughout incubation. This was probably because of the selective

consumption of accessible compounds and the production of biore-

fractory humic substances, showing the dual role of microorganisms

as consumers and producers, as has been pointed out in the litera-

ture (Fasching, Behounek, Singer, & Battin, 2014; Guillemette & del

Giorgio, 2012).

In the biodegradation experiment, the total fluorescence

decreased sharply. However, a greater change occurred in leaf

DOM, due to the fact that C2, and to an even greater extent C4,

was consumed by bacteria. The smaller decrease in C2 may be due

to a trade-off between its consumption and generation, since bacte-

ria can be a source of and/or a sink for amino acid-like and humic-

like DOM (Cory & Kaplan, 2012). In leaf litter leachates, C1

increased by the end of incubation (Table 3; Figure S1), perhaps due

to accumulation of a subproduct of C4. The higher biodegradability

of leaf DOM is probably based on its content of biolabile compo-

nents (C2 and C4), whereas the higher biorecalcitrance of soil DOM

is due to the prevalence of refractory components (C1 and C3). The

reactivity gradient observed goes from the biolabile C2 and C4

towards the less reactive and more biorecalcitrant C1 and C3 (Fig-

ures 3 and S1). During biodegradation, labile components are con-

sumed first, leaving behind more recalcitrant/unreactive compounds

and generating less labile subproducts (Guillemette & del Giorgio,

2012; Kellerman et al., 2015; Yamashita & Tanoue, 2008). DOM lea-

ched from leaves is composed of small biodegradable molecules and

larger non-humic compounds such as carbohydrates and proteins,

while soil DOM is rich in refractory humic substances and macro-

molecules (Chen & Jaff�e, 2016; Hur et al., 2009; Maie et al., 2007).

Overall, the photo- and biodegradation of terrestrial material pro-

duced humification, as observed in other studies (e.g., Chen & Jaff�e,

2016; and references therein). Leaf litter, soil and stream DOM

showed an increasing gradient of humification and decreasing reac-

tivity. Thus, leaf litter and stream water DOM can be considered

end-members, whereas soil DOM appears to be intermediate in this

reactivity continuum. Leaf litter signatures were not found in stream

water and thus may not be appropriate for tracking terrestrial inputs.

DOM leached from plants is degraded first in the soil, and DOM

from soils probably makes the largest contribution to stream DOM,

F IGURE 3 Changes in the fluorescence intensity of the
PARAFAC components (C1, C2, C3 and C4) present in soil and leaf
leachates at initial and final times in the biodegradation experiment.
C1 = peaks A+C; C2 = peak T; C3 = peaks A+M; C4 = ML. Bars are
mean values (�1 SD; n = 3). * = p < .05; ns = p > .05 (t test)
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F IGURE 4 Plot of the two principal
components obtained in the principal
component analysis (PCA) including CDOM
and FDOM parameters (a254:DOC, a350:
DOC, S275–295, HIX and DOC-normalised
PARAFAC components and bacteria
biomass) in the biodegradation experiment.
HIX, humification index; TFDOM: Total
fluorescence of dissolved organic matter
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as reflected by their similar signatures and close position in the reac-

tivity continuum. Terrestrial inputs to aquatic systems are known to

be transformed by microbial processes in the soil up to the point of

not being recognisable as deriving from terrestrially fixed carbon

(Mar�ın-Spiotta et al., 2014). Nevertheless, the DOC:DIC ratio clearly

indicates lower carbon mineralisation in soil leachates (6.3) than in

stream water (0.2). In the natural environment, the contrasting DOC

and DIC concentrations in soil leachates and streams may promote a

reactivity shift, particularly in the soil–stream interphase (Hutchins

et al., 2017).

Headwaters of Andean Patagonia show extremely low DOC and

nutrient levels and clear signs of allochthony (Garcia, Di�eguez, et al.,

2015; Garcia, Reissig, et al., 2015; Queimali~nos et al., 2012; Soto

C�ardenas et al., 2017). Our results showed that DOM leaching from

leaf litter of N. pumilio provides labile carbon that is processed in the

soils and delivered to the headwater network. Signs of fresh DOM

from leaf litter are not apparent during base-flow conditions in low

order streams. In fact, stream DOM is highly humic and similar in

composition with soil DOM. However, spring snowmelt delivers ter-

restrial DOM enriched with the non-humic T peak derived from less

processed leaves dropped in autumn. These leaves remain under

snow cover for several months, which slows down leaching and

degradation on topsoils (Garcia, Reissig, et al., 2015).

Andean Patagonian aquatic food webs sustain microbial commu-

nities adapted to extremely low nutrient and DOC levels, and which

rely on allochthonous DOM inputs (Gerea et al., 2016). Natural pho-

tochemical processing enhanced by high solar radiation levels gener-

ates labile compounds from allochthonous DOM (Soto C�ardenas

et al., 2017; Zagarese et al., 2001). This mechanism operates in

Andean lakes where cumulative photodegradation breaks down

humic allochthonous DOM into non-humic low molecular weight

compounds, particularly in the dry season (Queimali~nos et al., 2012;

Soto C�ardenas et al., 2017). Overall, photo- and biodegradation grad-

ually transform terrestrial DOM, which becomes more similar to

aquatic DOM. This pattern has been found in several studies focus-

ing on the effects of photo- and biodegradation in different DOM

sources (Chen & Jaff�e, 2014; Hansen et al., 2016; Hur et al., 2009).

Analysis of the processes transforming DOM contributes to our

understanding of the pathways of carbon fluxes between Earth’s

compartments (Battin et al., 2009). Our study recognised a potential

DOM pathway in a pristine Andean Patagonian catchment, from ter-

restrial biomass to soils and aquatic systems, highlighting a DOM

reactivity continuum in which photo- and biodegradation both inter-

vene. Furthermore, our results highlight the importance of the car-

bon pulses from N. pumilio litter falling into the soils and headwaters

in Andean catchments, and the impact of degradation on the fate of

this terrestrial carbon supply. As far as we know, this is the first

study to characterise the quality of DOM supplied by leaf litter and

soil from native N. pumilio deciduous forest to headwaters of

Andean Patagonia, identifying photo- and biodegradation prints and

a potential environmental continuum in DOM reactivity. Further

experimentation combining photo- and biodegradation (alternately

and/or sequentially) could provide better understanding of DOM

transformation from terrestrial sources to aquatic systems and iden-

tify characteristics of the reactivity continuum more precisely.

Sustained warming and drying in Andean Patagonia (Villalba

et al., 2012) are likely to have an effect on N. pumilio treelines

through regulation of seedling establishment and growth (Daniels &

Veblen, 2004). Moreover, forecasted climatic changes in this region,

particularly the reduction in precipitation to the east of the Andes,

would affect the hydrology (Masiokas et al., 2008) and connectivity

between terrestrial and aquatic systems, impacting the carbon flux

within headwater catchments.
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