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Dissolved organic matter (DOM) represents the largest pool of organic carbon in fluvial ecosystems. The majority of DOM in rivers is of terrigenous origin—making DOM composition highly dependent on vegetation cover and soil properties. While deforestation is still a worldwide anthropogenic phenomenon, current land cover change in temperate regions is often characterized by secondary succession processes following the abandonment of agricultural activities including grazing on pasturelands. This results in (secondary) forest expansion with a consequent, time-lagged transformation of soil properties. Predicting the time scale and spatial scale (i.e., location in the catchment: riparian vs. upslope areas) at which such land cover changes affect the terrestrial-aquatic carbon linkage and concomitantly alter properties of fluvial DOM as drivers of carbon cycling in freshwater ecosystems represents a new scientific challenge. In an attempt to identify potential legacy effects of land cover, i.e., reaction delays of fluvial DOM to changes in land cover, we here investigate the influence of specific current and historic (2 decade-old) land cover types on molecularly resolved fluvial DOM composition in headwater mountain streams. Our analysis is based on a scale-sensitive approach weighing in the distance of land cover (changes) to the stream and ultrahigh-resolution mass spectrometric analyses. Results identified the dominance of terrigenous DOM, with phenolic and polyphenolic sum formulae commonly associated to lignins and tannins, in all the studied streams. DOM properties mostly reflected present-day gradients of forest cover in the riparian area. In more forested catchments, DOM had on average higher molecular weight and a greater abundance of O-rich phenols and polyphenols but less aliphatics. Besides the modulation of the DOM source, our results also point to an important influence of photodegradation associated to variation in light exposition with riparian land cover in defining fluvial DOM properties. Despite expectations, we were unable to detect an effect of historic land cover on present-day DOM composition, at least at the investigated baseflow conditions, probably because of an overriding effect of current riparian vegetation.
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INTRODUCTION

Freshwater ecosystems, despite covering a relatively small percentage of Earth's surface, have an important role in the global carbon cycle as they transport, mineralize, and bury large amounts of organic carbon (Cole et al., 2007; Battin et al., 2008). Dissolved organic matter (DOM) represents the largest pool of organic carbon in most freshwater ecosystems (Wetzel, 2001) and its majority is of terrigenous origin (Raymond and Bauer, 2001; Jaffé et al., 2013). Specifically in headwater streams, DOM properties (i.e., quantity, composition, origin and reactivity) are strongly defined by catchment vegetation (Fiebig et al., 1990; Kaplan and Newbold, 1993; Mei et al., 2012), and likely sensitive to changes in land cover (e.g., Huang and Chen, 2009; Hulatt et al., 2014).

Mostly, land cover changes have been driven by vegetation-clearing, either to directly obtain natural resources like timber or to allow urbanization and expansion of agricultural activities including farming and grazing on pasturelands (Brandt et al., 1999; Geist and Lambin, 2002; Bürgi et al., 2004). These changes resulted in the transformation of more than 43% of the pre-industrial Earth's terrestrial surface by 1995 (Daily, 1995) and led to the large-scale loss of natural vegetation; 2.3 million km2 of forest were lost from 2000 to 2012 alone (Millennium Ecosystem Assessment, 2005). Notably, forest loss has exhibited unequal pace over time and among regions (Pinto-Correia and Kristensen, 2013). While at present deforestation is more accentuated in the tropics, where it has increased by 62% in the first decade of the millennium (Kim et al., 2015), it was historically more intensive in temperate regions. Indeed, Europe was the continent with the smallest fraction (30%) of its original forests remaining by 1950 (Millennium Ecosystem Assessment, 2005). Since then, however, the expansion of land “use” for agriculture, cattle raising and urbanization has also been partly reversed worldwide with the abandonment of large areas (Munroe et al., 2013). This land abandonment allows secondary succession processes (Pugnaire et al., 2006), resulting in the expansion of shrublands and ultimately forests as shown by the increase of 800,000 km2 of forest cover worldwide between 2000 and 2012 (Hansen et al., 2013); and 300,000 km2 in Europe between 1992 and 2015 (Palmero-Iniesta et al., 2020). This forest expansion is particularly relevant in mountain areas (MacDonald et al., 2000; Álvarez-Martínez et al., 2014), where it is indeed forecasted to continue in the future (e.g., Rounsevell et al., 2006; Pointereau et al., 2008).

Predicting effects of land cover change on carbon cycling is a primary objective of current research (Schindler and Hilborn, 2015). This requires, on the one hand, understanding how specific land cover types shape fluvial DOM properties. So far, studies have mostly focused on wetlands, peatlands and agricultural fields as dominant land cover types (Stanley et al., 2012), while research on how grassland or shrubland (i.e., grazing-impacted systems) influence DOM properties is relatively scarce. Nevertheless, recent studies (Seitzinger et al., 2002; Frost et al., 2006; Lu et al., 2014; Masese et al., 2017) show that DOM quantity (measured as concentration of dissolved organic carbon, DOC) and the relative proportion of in-stream produced, protein-like DOM of low molecular weight with high bioavailability increase with pasture coverage. In opposition, the aromatic DOM of high molecular weight becomes more important with increasingly woody vegetation and forests. Additionally, the relative importance of the mechanisms through which land cover shapes DOM properties, which include the modulation of terrestrial sources like vegetation and soils, in-stream DOM production or photodegradation, are still poorly understood. To unravel these mechanisms, it is essential to consider how the spatial scale modulates the influence of land cover on stream DOM properties, this is, the relative importance of riparian vegetation vs. the vegetation located in upslope areas. In-stream processes such as photodegradation or autochthonous DOM production, which highly depend on canopy cover on the stream, suggest a higher importance of the vegetation in the riparian zone. In contrast, the modulation of terrestrial DOM sources defines the catchment scale as appropriate from hydrological reasoning (i.e., all the DOM generated in the draining catchment can potentially reach the stream; e.g., Graeber et al., 2012; Heinz et al., 2015; Masese et al., 2017). Nevertheless, the importance of upslope areas to fluvial carbon exports is still highly debated (see Burrows et al., 2013; Hruška et al., 2014; Sawicka et al., 2016) and recent studies point to a proportionally higher contribution of the riparian areas, at least in boreal rivers (see the definition of Dominant Source Layer; Ledesma et al., 2018).

On the other hand, an evaluation of the effects of land cover change on current fluvial DOM properties may need to consider the effects of historical land cover patterns. Such land cover legacy effects (Bürgi et al., 2017) may arise because the transformation of soil OM characteristics occurs over longer time scales than the transformation of vegetation composition and coverage (Trumbore, 2009). So far, only one type of land cover change on DOM properties, clear-fell forest harvesting and the following natural recovery over 20–50 years, has been rigorously assessed in US experimental forest facilities: Hubbard Brook Experimental Forest (Hobbie and Likens, 1973; Cawley et al., 2014), Coweeta Hydrologic Laboratory (Meyer and Tate, 1983; Yamashita et al., 2011) and J. Andrews Experimental Forest (Lee and Lajtha, 2016). Largely, these studies showed streams draining harvested forests to have overall lower DOC, specifically less aromatic, humic and fulvic-like compounds but more proteinaceous and microbially derived material. The only exception is an investigation of recent (1–19 year-old) clear-fell harvesting conducted by Burrows et al. (2013), which did not find a change in DOM source but showed contrasting changes in DOM composition after harvesting.

The primary objective of this study was to understand how land cover shapes DOM properties in headwater mountain streams. In the light of globally happening land abandonment and subsequent forest expansion, we specifically aimed to search for a land cover legacy effect on DOM properties (i.e., whether the historic land cover, grasslands for extensive cattle raising, is still detectable behind current land cover), analyzing the influence of current and historic land cover and the location in the catchment (i.e., riparian vs. entire catchment) on DOM quantity and composition. We hypothesized an overall dominance of terrigenous DOM with a greater proportion of humic and aromatic DOM in more forested streams while streams draining more extensive grasslands were expected to be dominated by more recent and proteinaceous DOM. For catchments with a land abandonment history, we hypothesized slowly turning over soils to cause apparently “grassland-like” DOM despite high current forest cover. Such a legacy effect may depend on the spatial scale of land cover (i.e., whether these effects are attributable to the riparian zone or upslope areas) and would inform about dominant processes driving fluvial DOM properties (e.g., relative importance of modulation of terrestrial sources, in-stream DOM production or photodegradation).



MATERIALS AND METHODS


Study Area

This study was conducted in the Cantabrian Mountains, a mountain range that spans more than 300 km across northern Spain, parallel to the Cantabrian Sea (Atlantic Ocean; Figure 1A). Here, more than 500 years ago, many forests were converted into grasslands for livestock grazing, which remained the most important economic activity in these mountainous rural areas (Barandiaran and Manterola, 2000) until a dramatic rural exodus over the last 50 years (Morán-Ordóñez et al., 2011; Álvarez-Martínez et al., 2016). The major decline in livestock grazing allowed secondary succession processes driving expansion of shrublands and forests (e.g., Poyatos et al., 2003; Álvarez-Martínez et al., 2014). Due to the quick recovery rates of some Atlantic forest species such as birches and beeches, younger forests with a grassland history may currently have a similar land cover type as old-growth forest despite evidently different landscape dynamics and ecological properties (Belmar et al., 2018; Figure 1B).
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FIGURE 1. (A) Map of the study area showing the location of the 24 streams and their catchments in the Cantabrian Mountains, Northern Spain. Catchments are colored according to current riparian forest cover. (B) Variation of riparian forest cover between 1984 (black diamonds) and 2009 (circles colored according to current riparian forest cover) in each of the studied streams. Stream codes correspond with Supplementary Material 1.


We characterized current and historic land cover in the study region and selected 24 streams along a gradient of current forest cover (Figure 1A, Supplementary Materials 1, 2). Unless current forest cover was 0%, the various catchments experienced variable gains in forest cover over the assessed 26-year period. Land cover data was obtained from a supervised classification of remote sensing imagery (Landsat TM image of the study area for avoiding different sensors to be compared) from the years 2010 (current forest cover) and 1984 (historic forest cover) (Supplementary Material 1). We calculated the percentage of current and historic forest cover, as well as the corresponding change over the entire period. To test the influence of spatial scale, we estimated these variables on the scales of the entire catchment and the riparian area; the latter defined by a 200 m wide buffer along the river network upstream of the sampled site.

Current forest cover ranged from 0 to 79% in the catchment and from to 0 to 97% in the riparian area (Supplementary Material 1). Forest cover change varied from 0 to 28.9% at the catchment scale and from 2.8 to 55.7% in the riparian area. Catchment area varied from 4.9 to 86.8 km2 among streams, elevation from 188 to 1640 m a.s.l. and mean hill slope from 26.8 to 83.9%. Water electric conductivity ranged from 51.45 to 307 μS/cm, pH from 7 to 8.9 and total dissolved organic nitrogen from 0.2 to 415.1 μg N/L (Figure 1B, Supplementary Material 2). All streams lacked sewage effluents or major pollution sources and agricultural and urban areas were scarce (<1% of the catchment area). A more detailed description of the study area and streams is provided in Supplementary Material 2 and Estévez (2019).



Sample Collection

In September 2015, water samples were collected from each stream during baseflow conditions prior to the main leaf fall. This time was regarded as a potentially ideal moment to study legacy effects as the fraction of older soil OM in fluvial DOM would be enhanced, DOM variations related to hydrology minimized, and direct leaf litter inputs reduced. Water was on-line filtered through a double layer of pre-combusted (450°C, 4 h) Whatman GF/F filters into acid-rinsed Nalgene PETG 2000 ml bottles (Nalgene, Rochester, NY) in the field and kept cooled (~4 °C) and in darkness until processing in the laboratory. For the analysis of DOM composition by ultrahigh-resolution mass spectrometry, a volume between 888-5441 ml was acidified to pH 2 with 10-molar ultrapure HCl and DOM was extracted on a solid phase (Agilent Bond Elut 500 mg PPL cartridges) and eluted with LC-MS grade methanol (Dittmar et al., 2008). The volume of water extracted was computed from DOC data generated during a pilot campaign and aiming at a carbon-to-resin mass ratio of 400–800. Additional 40 ml samples were filtered (Whatman GF/F, double layer, pre-combusted) using disposable syringes into acid-rinsed and pre-combusted (450°C, 4 h) glass vials with PTFE-lined septa caps for spectroscopic and chromatographic DOM characterization (Supplementary Material 3).



Ultrahigh-Resolution Mass Spectrometry

For an in-depth characterization of DOM, we used ultrahigh-resolution Fourier-Transform Ion Cyclotron Mass Spectrometry (FT-ICR-MS). Leachates were adjusted to 15 ppm C in 1:1 ultrapure water/methanol before broadband mass spectrometry on a 15 Tesla Solarix FT-ICR-MS (Bruker Daltonics, Bremen, Germany) in electrospray ionization (ESI) negative mode (300 accumulated scans, 0.1 s ion accumulation time, 240 μL/h flow rate) searching for masses from 150 to 1,000 Da. After internal mass calibration, raw mass lists were exported for further data processing using in-house code in R (del Campo et al., 2019; Supplementary Material 4). Briefly, data below a method detection limit were deleted before alignment of peaks across samples. Peaks in fewer than five samples were not considered. Molecular formulae were assigned to m/z values assuming single-charged deprotonated molecular ions and Cl-adducts for a maximum elemental combination of C100H250O80N4P2S2. To exclude unlikely formula assignments, we employed (i) a rigorous assessment of mass error and its partitioning into random and systematic components, (ii) a search for stable isotope confirmation by daughter peaks, and (iii) homologous series assessment (del Campo et al., 2019). The final dataset consisted of 3900 sum formulae covering on average 63% of total spectrum intensity. FT-ICR-MS data are graphically presented in van Krevelen plots, which show identified sum formulae in a space defined by O:C (oxygen richness) and H:C (saturation) ratios; plotting order was random to avoid bias created by systematic overplotting of thousands of compounds. To condense the rich mass-spectrometric information, we grouped formulae into 8 molecular groups (Supplementary Material 5), 7 of which are non-overlapping, based on elemental composition and derived structural information such as double bond equivalents and a computed aromaticity index (AI; Koch and Dittmar, 2006). We computed the total number of formulae, the total intensity and the intensity-weighted average molecular mass for all 8 molecular groups as well as the number of compounds with heteroatoms (N, S or P), the molecular richness (total number of differing formula) and evenness and Shannon diversity in each stream. As further responses, we computed the intensity-weighted average AI, and the nominal oxidation state of carbon (NOSC; Wilson and Tfaily, 2018).



Statistical Analysis

First, a canonical analysis of principal coordinates (CAP; Anderson and Willis, 2003) based on Bray-Curtis dissimilarity was used to build a model explaining variation of DOM molecular composition with current and historic forest cover as well as the change (as increase 1984–2010) in forest cover both in the catchment and in the riparian area. Here, Bray-Curtis dissimilarity was computed from relative intensities of the 3,900 compounds identified by FT-ICR-MS, that is, absolute intensities normalized by the total sum of intensities of a given spectrum. The constraining variables were subjected to a step-wise forward selection procedure using adjusted R2 values (Blanchet et al., 2008) to develop a parsimonious model explaining DOM molecular composition (tests were done using 9,999 permutations). To further describe the main compositional gradients of DOM, we computed Spearman correlations between the significant CAP axes and the relative intensity, number of compounds and average molecular mass for the 8 molecular groups, FT-ICR-MS derived variables (i.e., molecular richness and evenness, Shannon diversity, number of compounds with heteroatoms and weighted average AI and NOSC). To confirm the correlation results, we additionally carried out two redundancy analyses (RDA) based on (i) the relative intensity, number of compounds and average molecular mass of the 8 molecular groups obtained from FT-ICR-MS data and (ii) variables obtained from additional spectroscopic and size-exclusion chromatographic analyses (see Supplementary Material 3 for a detailed description). A similar procedure as in the CAP analysis was followed, using the same constraining variables, a step-wise forward selection and Akaike information criterion to select the most parsimonious model. We further tested specifically for a legacy effect of historic land cover on DOM molecular composition by two approaches: (i) a conditioned CAP using the change in forest cover as a single predictor and the previously identified most important predictor, i.e., current riparian forest cover, as a condition; and (ii) a new CAP analysis performed including all predictors except for the current riparian forest cover. The latter was again subjected to a step-wise forward selection procedure using adjusted R2 values. All statistical analyses were performed in R (version 4.0.0, R Project for Statistical Computing, Vienna, Austria) using the packages vegan (Oksanen et al., 2017) and packfor (Dray et al., 2011).




RESULTS

The DOM pool was composed of a large number of compounds. In total, mass spectrometry detected 43,540 distinguishable peaks across samples. These numbers include multiple peaks generated as part of isotope patterns from identical sum formulae. However, the applied method cannot distinguish among the many possible structural isomers and actual compound richness must therefore be notably higher. A total of 3,900 individually detected peaks (and their eventually existing isotope patterns) were assigned to molecular formulas, i.e., 9% of all peaks detected, yet these covered on average 63% of a spectrum‘s summed peak intensities. Based on this set of assigned peaks, compound richness ranged from 3,326 to 3,714 in individual streams and 74% (2,891) of the compounds were ubiquitous. The majority of assigned compounds were phenolic (65%), among which 45.4% were depleted in O (O/C <0.5) and 19.6% rich in O (O/C > 0.5), followed by polyphenols (15.1%) and aliphatic compounds (8.9%). Combustion-derived polycyclic aromatics (4.9%), proteins (3.4%), fatty acids (2.6%), and carbohydrates (0.2%) were less numerous (Table 1). These molecular groups follow a non-overlapping definition. Occurrence of compounds with heteroatoms and Carboxyl-Rich Alicyclic Molecules (CRAMs), which have potentially overlapping definitions, comprised 6.9 and 53.2% of a stream‘s compound richness, respectively. Patterns based on abundance of all these molecular groups (i.e., relative intensity) resembled those based on their counts: phenolic compounds were the most abundant (78.6% ± 2.8), especially phenols depleted in O (660.4± 4.2), followed by polyphenols (11.9 ± 1.6), aliphatic compounds (4.4 ± 1.7), combustion-derived polycyclic aromatics (3.3 ± 0.84), fatty acids (1.0 ± 0.21), proteins (0.62 ± 0.1) and carbohydrates (0.04 ± 0.02). On average, 69% ± 1.9 of a spectrum‘s assigned intensity could be attributed to CRAMs, which identifies compounds of this group as comparably abundant.


Table 1. Number and percentage of compounds derived from FT-ICR-MS across all the study streams.
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CAP results showed that current riparian forest cover alone (p = 0.002) explained 21.4% of the variability in DOM composition among streams (Figure 2A), pointing to a higher relevance of the riparian scale compared to the catchment scale. Spearman correlations of DOM compound relative intensities and CAP 1 (Figure 2B, Table 2) showed that CAP 1 was negatively related to the abundance of O-poor highly unsaturated phenols and aliphatic compounds. In contrast, CAP 1 was positively associated with O-rich phenols and O-rich polyphenols, fatty acids, proteins, and CRAMs (Figure 2B, Table 2). The number of compounds in each of the defined molecular groups followed the same pattern as their relative intensity, except highly unsaturated O-poor phenols and O-rich aliphatics, which did not show a significant relationship with CAP 1 (Table 2). Further, combustion-derived polycyclic aromatics with heterotatoms and O-poor polyphenols increased in number with CAP 1. This variation of compounds resulted in a lower AI but greater NOSC with CAP 1, despite the limited variation among streams (0.33–0.35 and −0.3 to −0.24, respectively; Table 3). Moreover, molecular richness and evenness, Shannon diversity and number of compounds with heteroatoms increased with CAP 1 (Table 3). CAP 1 was also positively related to the average mass of combustion-derived polycyclic aromatics, polyphenols, phenols, carbohydrates, proteins and CRAMs (Table 2).
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FIGURE 2. Changes of DOM composition assessed by canonical analysis of principal coordinates (CAP) based on Bray–Curtis dissimilarity of DOM molecular composition are driven by a major constraint: current riparian forest cover, which defines the canonical axis 1 (CAP 1). (A) Relationship between CAP 1 and current riparian forest cover. The streams (stream codes are shown, Supplementary Material 1) are colored according to current riparian forest cover. (B) A Van Krevelen diagram shows the major changes in DOM composition associated with CAP 1. Point color indicates correlation of relative intensities of individual compounds with the canonical axis across all sampled streams. Red/green compounds decrease/increase in relative intensity with riparian forest cover. Compounds are plotted in random order.



Table 2. Spearman correlations of molecular group variables derived from FT-ICR-MS (the relative intensity, number and weighted average mass of the compounds in each molecular group) with the first axis of the canonical analysis of principal coordinates (CAP) of DOM molecular composition (relative intensities of the 3,900 compounds) using the current riparian forest, as sole explanatory variable.
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Table 3. Spearman correlation of integrative variables from the FT-ICR-MS dataset with the first axis of the canonical analysis of principal coordinates (CAP) of DOM molecular composition (relative intensities of the 3,900 compounds) using its finally selected key environmental driver, the current riparian forest, as sole explanatory variable.

[image: Table 3]

RDA analysis of the molecular groups obtained from FT-ICR-MS data yielded similar results to those obtained already by the CAP, i.e., current riparian forest cover was the most important explanatory variable of the relative intensity, number of compounds and average molecular mass of the 8 molecular groups obtained from FT-ICR-MS data (Supplementary Material 6). However, the spectroscopic and size-exclusion chromatography barely yielded any significant results, probably because of a generally low variability of these parameters among streams (Supplementary Materials 7, 8).

The change in riparian forest cover from 1984 to 2010 had no significant effect on DOM composition. Forest cover change only explained an additional 7.8% (p = 0.110) of compositional variation of DOM besides current riparian forest cover as a condition. In this case, neither CAP 1 nor change in riparian forest cover were significant (p = 0.10 and p = 0.11, respectively). Moreover, when current riparian forest cover was not considered among the constraining variables, the most explanatory model included both the historic riparian forest cover and the riparian forest cover change (p = 0.013 and p = 0.004, respectively), with both variables strongly and positively related to CAP 1, the only significant CAP axis (p = 0.003; Supplementary Material 8). Moreover, a strong Spearman correlation (cor. = 98.8, p <0.001) between CAP 1 of both CAP analyses (i.e., current riparian forest cover and the combination of historic forest cover and forest cover change in the riparian area) indicated that the same turnover in DOM composition could be explained by either the current riparian forest cover or the combination of historic forest cover and forest cover change in the riparian area, further suggesting an absence of a land cover legacy effect (Supplementary Material 9).



DISCUSSION

Results showed the dominance of terrestrially derived DOM in all study streams and the variation of DOM properties with current land cover in the riparian zone, pointing to a strong influence of land cover in the immediate vicinity of the stream rather than at a catchment-wide scale. Notably, the studied land cover change had no effect on DOM properties, at least at the investigated baseflow conditions, probably because of an overriding effect of current riparian vegetation.


DOM Composition Across Streams

Most of the detected compounds, which were also the most abundant (in terms of intensity), were phenolic compounds and polyphenols with formulae commonly associated with lignins and tannins (Kim et al., 2003; Hertkorn et al., 2006; Sleighter and Hatcher, 2007). These compound categories are likely derived from complex biopolymers in plant tissues. This leads to a terrigenous origin of DOM, primarily from the leaching and decomposition of plant litter and soil organic matter. Carbohydrates, proteins and lipids, labile compounds most commonly produced in-stream or from fresh leaf litter (Marschner and Kalbitz, 2003; Koch and Dittmar, 2006; Sleighter and Hatcher, 2007, 2008), were scarce, both in number and abundance. This shows the dominance of high molecular weight, O-rich and aromatic DOM in all the studied streams. The dominance of terrestrially derived compounds and the limited availability of carbohydrates, proteins and lipids could be explained by the environmental factors that characterize mountain streams and the sampling period. Sampling for this study happened prior to main leaf fall in autumn, limiting direct vegetation inputs to senescent leaves of late summer. At the same time, low nutrient concentration, low water temperature and turbulent hydraulic conditions reduced algae development (Supplementary Material 2), which limited in-stream DOM production. Additionally, any in-stream produced DOM might have likely be rapidly consumed due to its greater bioavailability compared to the allochthonous inputs derived from terrigenous plant materials (Kritzberg et al., 2004; Toming et al., 2013).



Variation of DOM Properties With Land Cover

Current land cover in the riparian area was the strongest determinant of DOM composition in the study streams. Overall, more oxygenated terrestrially derived DOM with a higher molecular weight reached the streams in the most forested catchments. DOM in forest streams was further characterized by a lower proportion of aliphatics and O-poor phenols, but a higher proportion of O-rich phenols and polyphenols, and CRAMs. These results point to a strong influence of soil OM in shaping DOM properties. Polyphenols and polycyclic aromatics, compounds that are understood as being derived from decomposing vascular plants and combustion processes (Wickland et al., 2007; Yamashita et al., 2011), are considered to be more diagenetically altered products than O-poor phenols and highly unsaturated compounds (Aiken et al., 1985). This suggests that the DOM reaching the stream in forested catchments may originate from OM accumulated over time in organic horizons of catchment soils, probably enhanced by the greater OM production (i.e., litter input to top soil) of deciduous forests compared to grasslands (e.g., Kögel-Knabner, 2002). This would agree with previous studies that showed a greater influence from more recent soil OM in streams draining grasslands and a higher influence from decomposed soil-derived materials in forested streams (Lu et al., 2015; Seifert et al., 2016). More decomposed soil-derived OM is usually also characterized by a greater aromaticity (Lu et al., 2015). However, the AI, an index describing DOM aromaticity, was lower in the most forested streams. This may have been driven by the greater abundance of protein and fatty acids in these heavily forested streams, an unexpected result given that less decomposed soil OM and grassland vegetation were shown to be richer, among others, in proteins and fatty acids (e.g., Martens et al., 2004; Zocatelli et al., 2012). Thus, these signatures point to leachates from fresh leaf litter, which was demonstrated to be more abundant in forested areas (e.g., Estévez et al., 2019). Overall, these results indicate multiple DOM sources in forested catchments: organic soil horizons well-supplied with leaf litter deliver decomposed humic substances into the streams, while fresh leaf litter leaches few aromatic substances and more proteins and fatty acids. This multi-source DOM may have resulted in two disjunct populations of molecules (see van Krevelen diagram; Fig. 2b), and a greater richness and diversity of compounds in the most forested streams.

Despite the strong influence of current land cover on DOM properties, no legacy of historic land cover was detected. This absence of a land cover legacy opposes the results obtained by the few studies that analyzed land cover legacy effects on fluvial DOM properties. These studies (Hobbie and Likens, 1973; Meyer and Tate, 1983; Yamashita et al., 2011; Burrows et al., 2013; Cawley et al., 2014; Lee and Lajtha, 2016) showed that catchments where forest was harvested produced DOM with higher protein content and likely younger microbial origin. This seemed to be driven by changes in soil organic matter characteristics associated to differences in OM inputs, more specifically to differences in leaf litter production and quality, leaching kinetics, decomposition, and organic matter incorporation into forest soils (e.g., Park and Matzner, 2003; Kalbitz et al., 2007), rather than by variation of in-stream DOM production. Thus, even after decades of forest regrowth, which approximated vegetation with a composition similar to pre-harvest periods (although vegetation composition could also differ; e.g., Yamashita et al., 2011) or unharvested catchments, DOM in streams from formerly harvested catchments could still be distinguished, demonstrating a clear legacy effect at the time scale of decades. In the conceptual framework of this study, we also expected soil OM to be the strongest determinant of fluvial DOM. We thus hypothesized a land cover change legacy from the fact that soil development is slow and lags behind vegetation regrowth. Indeed, the time needed to achieve a similar soil OM composition in catchments previously used for agriculture as in catchments with old growth-forest, is most often longer than the 26-year time scale considered in our study (Poeplau et al., 2011). Also, we looked at a different trajectory of land cover change compared to previous studies. While in previous studies historic land cover (forest) experienced a dramatic step-change before gradual succession by regrowing forest for 20–50 years, in our study century-long use as pasture gradually gave way to forest regrowth for 26 years. We expected such a long land use for pasture to have led to a great soil loss via mineralization and erosion over decades, even centuries. In fact, we predicted even stronger land use legacy effects than the ones already reported, arguing that 2 decade-old secondary forest may be unable to produce typically forest-like fluvial DOM. This idea was based on the dominance of soil OM as a control on DOM and a rather slowly growing influence of the forest via leaf litter input to streams directly or to organic topsoil layers. The opposite seems to be the case in our study streams, as within a short time of several years the regrowth of secondary forest presumably led to a fast reactivation of the two DOM sources typical for forests: direct leaf litter inputs and organic matter deposition on topsoil layers.

We also rule out a second mechanism that could generate a legacy: the influence of former pasture land use on fluvial DOM, especially at short-term after land abandonment, due to the continuous leaching of nutrients that fuel in-stream DOM production. This would require either high stocks of nutrients or high mineralization rates in forest soils. We observed no evidence for higher nutrient concentrations in forest streams (e.g., total dissolved organic nitrogen ranged from 0.2 to 415.1 μg N/L and Spearman correlation showed no relationship with current riparian forest cover; Spearman correlation = −0.18; p = 0.393), periphyton biomass was low across all studied streams (periphyton chlorophyll a content ranged from 14 to 77 mg Chla/m2 across streams; Supplementary Material 2), and DOM also did not point to typical fresh, microbial signatures.

Besides evidently modulating sources of fluvial DOM, land cover can also affect its degradation pathways. The absence of forest in the riparian zone translates to less canopy cover of the stream (in this study, Spearman correlation between riparian forest cover and canopy cover = 0.79; p <0.001). This facilitates DOM photodegradation, which could indeed be a major contributor to both the observed differences in DOM properties across streams and the absence of land cover legacy effects. Aromatic and high molecular weight DOM, like the lignin and tannin-like compounds that dominated in all the streams, was shown to be highly susceptible to photodegradation (Sulzberger and Durisch-Kaiser, 2009; Williams et al., 2010; Lu et al., 2015). The photodegradation of these compounds results in a generalized decline in molecular weight and oxidation, loss of carboxyl functionality and an increase of aliphatic compounds (Cory et al., 2010; Ward et al., 2014), similar to what we observed in this study. Moreover, photodegradation might have resulted in a chemical homogenization of DOM, thereby also explaining the presence of less diverse DOM in the least forested streams, as shown in previous studies (Dalzell et al., 2009; del Campo et al., 2019). Nevertheless, despite photodegradation being a highly plausible explanation for the obtained results, it needs to be considered that none of the parameters obtained from spectroscopic analyses, which often show a strong response to photodegradation (e.g., Hansen et al., 2016) varied among streams.

The photodegradation argument might also be supported by the fact that the influence of forest in our study is tied to the riparian zone. Land cover in a narrow area along the stream thus exerts most influence on DOM properties, in agreement with previous studies (Gergel et al., 1999; Hedges et al., 2000; Molinero and Burke, 2009; Ledesma et al., 2015). Reasons include riparian soils as a dominant DOM source, direct effects of vegetation through leaf litter inputs, and a degradation-driven effect through exposure to sunlight. Importantly, the latter two forces shaping DOM may override and mask any potential land use legacy effects. It needs to be considered that the land cover legacy effect on fluvial DOM properties could show seasonality (i.e., be tied to phases of the hydrological cycle) and be highly modulated by the vegetation leaf status and the intensity of solar radiation. Different flow paths, and consequently, soil OM pools, are activated with varying hydrology. During baseflow, water flows through deeper soil horizons whereas during high flows and heavy precipitation events, water flows through superficial and shallow soil horizons (Fellman et al., 2009; Sanderman et al., 2009). Shallower flow paths have been associated to the export of larger amounts of younger, plant-derived DOM (Kaiser et al., 1997; Butman et al., 2012) as OM from fresh plant materials is lost with soil depth (Fröberg et al., 2007; Malik and Gleixner, 2013). Thus, baseflow was selected as the ideal moment for studying potential legacy effects as the fraction of older soil OM in fluvial DOM with potentially higher discriminating power among current and historic land cover would be enhanced, while direct leaf litter inputs reduced. However, our study conducted at the end of summer was also characterized by a high solar radiation, which may have maximized photodegradation processes, likely masking any potential detection of land use legacy effects. Thus, for the moment, we can only conclude that without understanding how secondary succession processes affect DOM properties across seasons, it is not possible to ascertain the absence of a land cover legacy effect. Given that land abandonment is expected to increase in the near future and headwater streams represent the first link in the DOM transport continuum from terrigenous sources to the oceans, it is critical to gain a deeper understanding of how current and historic land cover and secondary succession processes affect fluvial DOM properties all year long, specifically in the face of hydrological dynamics.




CONCLUSIONS

Our study presents a comprehensive analysis of the detailed molecular composition of fluvial DOM in a gradient of forest cover. Moreover, to our knowledge, it represents the first study attempting an analysis of land use legacy effects related to secondary succession processes following the abandonment of grasslands historically used for extensive cattle raising. This study shows that mass spectrometry, an increasingly used tool believed to provide a deeper resolution of DOM composition (e.g., Wagner et al., 2019; Peter et al., 2020; Behnke et al., 2021; Kurek et al., 2021), may also be sensitive to subtle changes in DOM properties, thereby improving our ability to characterize fluvial DOM composition. Furthermore, the results demonstrate the relevance of current riparian forest cover in determining the composition of fluvial DOM. The absence of a soil-driven land cover legacy underlines the relevance of riparian vegetation type (grasslands–shrublands–forests) for defining fluvial DOM properties at baseflow likely through a combination of direct leaf input, DOM sourced from diagenetically young organic horizons and modulation of photodegradation.
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