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HIGHLIGHTS GRAPHICAL ABSTRACT

First multiparametrical DOM study for
several catchments of a large Tibetan lake
Lake and stream water DOM are chemi-
cally distinct.

Influence of catchment properties on
stream DOM indicates different DOM
sources.

Terrestrial influence on stream DOM com-
position is greatest in low order streams.
The Indian summer monsoon greatly
modifies stream DOM composition in the
catchments.

Dissolved organic matter source type
@ terrestrial-derived
O microbial-derived

ARTICLE INFO ABSTRACT

Editor: Daniel Alessi The Tibetan Plateau (TP) is a sensitive alpine environment of global importance, being Asia's water tower, featuring
vast ice masses and comprising the world's largest alpine grasslands. Intensified land-use and pronounced global cli-

Keywords: mate change have put pressure on the environment of the TP. We studied the tempo-spatial variability of dissolved or-

Alpine pastures

ganic matter (DOM) to better understand the fluxes of nutrients and energy from terrestrial to aquatic ecosystems in

Elsmlv:iorgamc carbon the TP. We used a multiparametrical approach, based on inorganic water chemistry, dissolved organic carbon
Fluorescence (DOC) concentration, dissolved organic matter (DOM) characteristics (chromophoric DOM, fluorescence DOM and

Tibetan plateau 8'3C of DOM) in stream samples of three catchments of the Nam Co watershed and the lake itself. Satellite based
Third pole environment plant cover estimates were used to link biogeochemical data to the structure and degradation of vegetation zones in
the catchments. Catchment streams showed site-specific DOM signatures inherited from glaciers, wetlands, groundwa-
ter, and Kobresia pygmaea pastures. By comparing stream and lake samples, we found DOM processing and unification
by loss of chromophoric DOM signatures and a change towards an autochthonous source of lake DOM. DOM diversity
was largest in the headwaters of the catchments and heavily modified in terminal aquatic systems. Seasonality was
characterized by a minor influence of freshet and by a very strong impact of the Indian summer monsoon on DOM com-
position, with more microbial DOM sources. The DOM of Lake Nam Co differed chemically from stream water samples,
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indicating the lake to be a quasi-marine environment in regards to the degree of chemical modification and sources of
DOM. DOM proved to be a powerful marker to elucidate consequences of land use and climatic change on biogeochem-
ical processes in High Asian alpine ecosystems.

1. Introduction

Dissolved organic matter (DOM) is composed of various organic sub-
stances <0.45 pm and is an important nutrient and energy source in
aquatic and terrestrial ecosystems (Wymore et al., 2016). DOM is part of
the global carbon cycle (Roulet and Moore, 2006), and often the majority
of ecosystem carbon losses occur via DOM export (Lau, 2021). The ob-
served huge variability in the concentration of dissolved organic carbon
(DOC) and DOM composition in surface waters reflects the characteristics
of and processes within a respective catchment (Jaffé et al., 2012;
Kawahigashi et al., 2004; Singer et al., 2012).

DOM bridges glacial, terrestrial, lotic (riverine) and limnic ecosystems,
and shows pronounced effects of seasonality in composition and mobility.
DOM is an indicator of environmental changes, triggered for example by
acidification (Han et al., 2022a; Guggenberger, 1994), altered soil thermal
regimes (Kawahigashi et al., 2004), or eutrophication (Gors et al., 2007).
Changes in biodiversity can be driven by DOM (Zhao et al., 2019), when
highly biodegradable compounds enter oligotrophic estuaries (Gors et al.,
2007).

The process of DOM formation largely depends on the catchment area
and therefore is also affected by the biogeodiversity of catchments (Coch
et al., 2019; Lafreniére and Sharp, 2004), climatic processes (Song et al.,
2020) and the impact of seasonality (Jennings et al., 2020). DOM diversity
peaks in first order streams and then decreases with increasing stream order
(Mosher et al., 2015). DOM is processed and chemically altered during its
fluvial pathway in streams (Riedel et al., 2016) and lakes (Massicotte and
Frenette, 2013), thereby changing its signature and ultimately forming ter-
minal characteristics (Riedel et al., 2016). Universal processes of DOM deg-
radation in rivers and estuaries, lead to successive loss of terrigenous DOM
signatures and finally to molecular conformity of DOM (Zark and Dittmar,
2018).

The Tibetan Plateau (TP) is of global importance and affects multiple
scales and processes. The TP comprises the largest ice mass outside of the
Polar regions (Qiu, 2008; Yao et al., 2012) and is a glacial hotspot. High
Asian watersheds play a decisive role for Asian lowlands and even for ma-
rine environments in South Asia (Xu et al., 2021). The TP features the larg-
est alpine grassland of the world (Miehe et al., 2019), and large alpine
wetlands (Zhang et al., 2020) with active pastoralism (Gongbuzeren and
Li, 2018). Alpine wetlands remain the least studied terrestrial biome in
the TP (Anslan et al., 2020), while degradation of wetlands is already un-
derway (Zhang et al., 2020) with severe consequences that lead to the re-
lease of considerable amounts of chromophoric DOM.

Sensitive high-altitude ecosystems, especially the vast grasslands of the
TP are under pressure by several threats such as intensified land-use and
pronounced global warming (Harris, 2010). Gaining knowledge on biogeo-
chemistry processes within the TP is an essential component for under-
standing current challenges. Still, implications on DOM formation,
characteristics, and fate are seldom addressed in studies that deal with
the effects of grassland degradation (Anslan et al., 2020) and disregard
the evidence that DOM is a proven marker for terrestrial degradation pro-
cesses (Coch et al., 2019; Jennings et al., 2020; Lafreniére and Sharp,
2004; Yamashita et al., 2010). As a marker, DOM can help to upscale plot
based investigations to landscape level (Speetjens et al., 2020). Pasture deg-
radation translates to several threats, for limnic systems, such as increased
water temperatures (Gao, 2016) or adverse impacts on lake biodiversity
(Kritzberg et al., 2020).

The rapid temperature increase of the TP (Song et al., 2020) has led to
changes, foremost in glaciated catchments (Bolch et al., 2010). Glaciers
possess unique DOM signatures (Boix Canadell et al., 2019; Hood et al.,
2009) with accelerating climate-driven export of DOM into downstream

water bodies. Still, there is only limited knowledge on how current glacier
wastage influences DOM and impacts downstream catchments of High
Asia. Spatiotemporal changes in DOM composition of terminal aquatic sys-
tems, such as endorheic lakes, can be utilised to monitor responses of bio-
geochemistry in ecosystems upstream. Endorheic basins provide an
excellent opportunity to investigate ecosystem processes as they are influ-
enced by environmental change. In our study, we focus on the oligotrophic
(Huetal., 2016), endorheic Lake Nam Co. Increases of the lake level of Nam
Co were reported for the last decades (Wang et al., 2009), likely affecting
the chemistry of the saline and alkaline lake (Wang et al., 2020). The chem-
ical composition of the lake water is influenced by evaporation and crystal-
lization, leading to an enrichment of most ions compared to streams and
wetland sources (Wang et al., 2010).The lake receives stream DOM from
its diverse watershed and also forms the terminus of a potential DOM deg-
radation cascade. The physico-chemistry of stream water was reported to
be connected to the local geology in the catchments, while being primarily
influenced by total runoff (Yu et al., 2019), the latter likely increases under
warmer conditions triggering glacial wastage. The Nam Co watershed is
spatially very diverse, and comprises glaciers and periglacial landforms, al-
pine steppe, alpine wetlands and Kobresia pygmaea alpine pasture/meadow
biomes in different degrees of plant cover and pasture degradation. Alpine
pastures are predominantly developed in the mid and higher slopes as well
as in depressions, and alpine steppe is mostly developed in the arid lake
foreland. The streams of the watershed are fed by glacial melt, precipitation
and groundwater (Adnan et al., 2019), depending on catchment properties,
such as aspect and elevation. The Lake Nam Co watershed is a suited natu-
ral laboratory to study controlling factors of the spatiotemporal variability
of DOM in this sensitive area.

This study aims to identify the impact of small-scale catchment proper-
ties, referred to as endmembers and season on the origin and composition
of riverine DOM. We further aimed at elucidating the mechanisms that con-
trol DOM processing along the fluvial pathways to Lake Nam Co. We tested
whether DOM characteristics are connected to landscape units and biomes
in the catchments, with fundamental differences between alpine steppe, al-
pine pastures and alpine wetland riverine DOM. We particularly assumed
that DOM composition is largely determined by catchment hydrology and
the degree of green plant cover and that unique signatures of glacial melt-
water, precipitation-fed and groundwater-fed areas can be discriminated.
Furthermore, we assessed the impact of seasonality on DOM composition.
We hypothesized that 1) catchment biogeodiversity in the Nam Co water-
shed governs DOM and water chemistry. During the fluvial pathway, chro-
mophoric DOM and readily bioavailable compounds will be preferentially
altered. Consequently, we further hypothesized that 2) the endorheic
Lake Nam Co is the terminal point of a DOM degradation cascade showing
transformed, and seasonally stable DOM signatures.

To understand the complex environmental implications between gla-
cial, terrestrial, lotic and limnic ecosystem of the Nam Co watershed, we ap-
plied a DOM multiparameter approach to three catchments as well as the
Lake Nam Co. To link DOM characteristics to the vegetation cover and its
changes, we conducted a satellite-based watershed-wide estimation of
plant cover in 30 m resolution for an observation period of 30 years
(1990-2020).

2. Materials and methods
2.1. Study area
Lake Nam Co (4726 m asl.) covers >2000 km?, with a total watershed

area of 10,789 km? (Fig. 1). The Nyaingéntanglha mountain ridge with el-
evations up to 7000 m asl. forms the south and south-eastern border of the
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Fig. 1. Overview of the investigated catchments including positions of sampling sites.

watershed. It comprises a well-investigated glacial environment (Bolch
et al., 2010; Buckel et al., 2020). The northern region of the watershed in
contrary, is dominated by hilly uplands (Yu et al., 2021). Sparse alpine veg-
etation exists in the glacial foreland at elevations >5350 m asl., while
Kobresia pygmaea (K. pygmaea) pastures dominate up to 4900 m asl. At
lower elevations, an ecotone between K. pygmaea pastures and the alpine
steppe biome is developed. The alpine steppe is fully developed in the low-
lands close to the lake shore (Miehe et al., 2019). Alpine wetlands are found
in depressions (Anslan et al., 2020), and often formed through riverine in-
fluence. Degradation and aridity are increasing along the south-north gradi-
ent of the watershed (Anslan et al., 2020).

The mean annual temperature at Lake Nam Co is 0.6 °C and the mean
annual precipitation ranges from 405 mm at the southern lake shore to
300 mm at the watersheds northern margin (Anslan et al., 2020). Lake
Nam Co's climate is biannual with cold and dry winters and minimal air
temperature below — 20 °C between December and February, with sparse
precipitation events and typical absence of a closed snow cover (Dorji
et al., 2013). The Indian summer monsoon (ISM) starts around May to
June, whereby moist and warm air masses are shifted from the Indian sub-
continent towards the inner TP. 80% of the annual precipitation falls during
the ISM (until September), and the mean day-time air temperature reaches
11 °C (Chen et al., 2019). The ISM is the most influential hydrological and
temperature control factor in our study area (Nieberding et al., 2021).

Within the Nam Co watershed, three catchments were selected to repre-
sent the differing abiotic and biotic environment in the watershed, such as:
degree of plant cover, status of degradation, presence of groundwater
springs and alpine wetlands, elevation and extent of glaciation. The study
area includes the catchments of the streams Niyaqu, east of Lake Nam Co,
Zhagu north-east of the lake, and Qugaqie, south-west of Lake Nam Co
(Fig. 1). Our dataset consists of samples from three higher order (>3) rivers
and 12 lower order streams (1-3) of these catchments and from the lake.

The Niyaqu catchment covers 406 km?. A major river with two river
arm systems drains the catchment. The southern stream comprises glacial
zones and runs through an area of extended alpine pastures (Fig. 2a) and
an alpine wetland (Fig. 2¢). The northern river arm system is characterized
by the absence of glacial meltwater and a hilly upland relief, situated in the
pasture - steppe ecotone. The Niyaqu catchment is used for yak grazing

throughout the year. Its valley course is mostly in west-east direction with
a high altitudinal gradient between the lake shore and the eastern branch
of Nyaingéntanglha (peaking at 5680 m asl. within Niyaqu catchment).

The Qugagie catchment comprises an area of 58 km?. It is situated at the
flank of the Nyaingéntanglha, which reaches elevations of up to 7000 m asl.
This catchment exhibits the largest altitudinal gradient. One major stream
drains the meltwater of both the Genpu and Zhadang glaciers. The steep re-
lief of the Qugagqie catchment provides a section through all vegetation
zones. Sparsely vegetated glacial foreland defines large parts of the catch-
ment at higher elevations (Fig. 2d). Alpine wetlands are found in depres-
sions. The dominant vegetation type is K. pygmaea pasture, which is used
for yak grazing in the summer.

The Zhagu catchment is the smallest catchment (46 km?) with limited
altitudinal differences (peak at 5230 m asl.). Two stream systems drain
the catchment (Fig. 2b), but the catchment was arheic during the investiga-
tion, only episodic drainage events into the lake occur. The stream water is
sourced by groundwater springs and precipitation (Tran et al., 2021). The
catchment has intense signs of degradation of the pasture biome, visible
through barren soil and isolated patches of alpine pasture turfs (so called
pancake-land; Miehe et al., 2019). Animal husbandry is concentrated
around the stream beds and the flanks of hills.

2.2. Water sampling

Samples of stream and lake water were collected during three field cam-
paigns in June/July 2018, May 2019, and September 2019 to cover sea-
sonal differences. No samples were collected in May 2019 in the Qugaqie
catchment due to weather conditions. The sampling scheme was designed
to cover the influence of terrestrial endmembers. Glacial effluents were col-
lected in Niyaqu (n = 7) and Qugagie (n = 6), an extended wetland in the
Niyaqu catchment was sampled (n = 2), groundwater springs samples were
collected in the Zhagu catchment (n = 8). An overview of all water samples
is given in Fig. 1, while endmember affiliations are depicted in the supple-
mentary materials (Fig. S1). Further samples were taken from the course of
the streams in Niyaqu (n = 61), Qugaqie (n = 20) and Zhagu (n = 15) to
cover changes in DOM composition from the source until the river mouth
(Fig. 2).
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Fig. 2. Landscape units of the sampling area. a: Kobresia pygmaea turfs in the Niyaqu catchment. b: Periodical stream in the Zhagu catchment alpine steppe. c: Alpine wetland
in depression of the Niyaqu catchment, in the foreground degraded, south-exposed hillslope. d: Glacial foreland of Zhadang glacier, Qugaqie catchment.

Samples of the lake (n = 8) and the brackish intermixing zones of the
Niyaqu (n = 6) and Qugagie catchment (n = 5) were taken. Samples of ter-
restrial endmembers (glacial, groundwater spring, wetland) were put into a
composite group named ‘sample category’ together with stream samples
and brackish and lake samples, allowing to differentiate these categories
on watershed scale.

Mixed samples were collected (1 L was used from a 7 L mixed sample)
from the middle depth of the pelagial in a central position of the stream
in polyethylene bottles (HDPE). Mixed lake samples close to the shore
were collected in the middle of the stream mouth from the pelagial, in 1
m depth and off-shore lake samples were taken about 200 m off shore
from the studied catchments, as mixed samples at the surface and in 30 m
depth using a submersible sampler. In addition, groundwater samples,
used for 8'C of DOM, were obtained in May 2019 from piezometers of
the Zhagu catchment (Fig. 1) as described by Tran et al. (2021).

Prior to sampling, bottles were rinsed with 10% HCI, washed with ultra-
pure water and dried. After sampling 350 pg L™ ! HgCl, was added to the
samples to inhibit biological degradation (VDLUFA, 2012). All samples
were kept at —21 °C until analysis.

2.3. Soil, sediment and plant samples

To track potential source materials of riverine DOM, §'C of Corg Was
measured in topsoil material (n = 15), collected in six locations of the
Niyaqu catchment (Fig. 1). Glacial sediment (n = 3), was sampled on
the Zhadang glacier in the Qugaqgie catchment. Samples of K. pygmaea
root (n = 4) and a shoot of a water plant (Elodea) (n = 4), were taken
in the Niyaqu catchment and wetland, respectively (Fig. 1).

2.4. Sample analyses

Water samples were filtered using a 0.45 um polyethersulfone (PES)
membrane (Supor, Pall, Port Washington, USA). pH was measured at 20
°C using a potentiometric glass-electrode, calibrated with three standard so-
lutions at pH 4.01, 7.00 and 10.01 (DIN 19266:2015-05). Electrical

conductivity (EC) was determined using a conductivity sensor at 20 °C, con-
trolled with a standard solution (0.01 mol ! KCI) (DIN EN 27888:1993—
11). The concentration of cations Na*, Mg®*, Ca®*, K™, Li*, and NH;
and anions Cl1~, SO3~, PO3~, NO5, NO5, F~, Br~, and (COO)%~ were
analysed by ion chromatography (Metrohm 930 Compact IC Flex, Herisau,
Switzerland).

DOC concentrations were determined by high-temperature oxidation in
20 mL aqueous samples, acidified with 50 pL of 32% HCl in a total organic
analyzer (varioTOC Cube, Elementar, Langenselbold, Germany). Total dis-
solved carbon (TDC) samples were treated similarly, but no acid was
added, dissolved inorganic carbon (DIC) was calculated.

The §'3C values of DOM samples were measured in solution after acid-
ification with HCI (32%) to pH 2 in an isoTOC cube (Elementar,
Langenselbold, Germany) coupled with a continuous flow isotope ratio
mass spectrometer (Elementar, Langenselbold, Germany; Federherr et al.,
2014; Kirkels et al., 2014; Leinemann et al., 2018). When the DOC concen-
tration was below 1.6 mg C L™, 1 mL of caffeine standard (reference ma-
terial IAEA-600) was added. Sample 8'C was calculated using the
common mixing equation.

In addition, 8'3C was measured in potential source materials of
riverine DOM. This included glacial sediment, topsoil samples and
plant samples of K. pygmaea and Elodea. All samples were dried at 40
°C until a constant weight was reached. Samples were sieved to
<2 mm equivalent diameter and milled. Inorganic carbonate was
destroyed using the volatilization method (Hedges and Stern, 1984;
Harris et al., 2001). §*3C of organic carbon was determined using a
isoprime cube elemental analyzer (Elementar, Langenselbold,
Germany) coupled with an isoprime 100 isotope ratio mass spectrome-
ter (Elementar, Langenselbold, Germany).

Ultraviolet absorbance properties of aqueous samples were determined
using a Spectro Star Nano device (BMG Labtech, Ortenberg, Germany) with
a 1 mL Suprasil® cuvette in temperature-controlled conditions (20 °C),
scans were blank corrected. The UV/VIS absorbance at 254 nm
(SUVA,s4) was normalized by the DOC content (Weishaar et al., 2003).
Absolute absorbance values at 254 nm (A254) were taken uncorrected.
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Fluorescence of DOM (FDOM) was measured using an Edinburgh F920
spectrometer (Edinburgh Instruments, Livingston, UK). Measurements
were conducted in temperature-controlled conditions (20 °C), in 90°mode
in a QX class Suprasil® 300 cell with a path length of 10 mm. Excitation
modes were set to 280-450 nm with a 5 nm step width and emission was
set between 350 and 600 nm with 2 nm step width. Integration time was
defined as 0.1 s and slit width (AA\) was set to 10 nm in both the excitation
and emission mode. An ultra-pure water Raman standard was used to avoid
hysteresis effects. Further information about the technical application of
parallel factor analysis (PARAFAC) on excitation-emission-matrices
(EEMs) can be found in the supplementary materials.

EEMs were corrected with 95% of a blank process sample to remove the
water Raman signal. PARAFAC was run using the N-way toolbox
(Andersson and Bro, 2000) in MATLAB R2017b (The MathWorks, Natick,
USA). The dataset was found to be very diverse with large differences be-
tween sampling points. To prevent confoundation due to concentration in-
duced mode shifts, we conducted PARAFAC in a twofold approach. First, a
subprime 4 component PARAFAC model was estimated and factor scores
were summed for each sample. A threshold of 5*10° relative concentration
was determined to split the dataset into two more homogeneous datasets.
Second, PARAFAC was then run for each group, i.e. low fluorescence re-
sponse (below the threshold) and high fluorescence response (above the
threshold). Sample group affiliation is depicted in the supplementary mate-
rials (Fig. S5-S7). Residual mean EEMs of both models are depicted in the
supplementary materials (Fig. S2, S3). Resulting fluorescence components
were statistically correlated to the variables of the multiparameter dataset
using bivariate regression and compared with published FDOM compo-
nents using the OpenFluor database (Murphy et al., 2014). Identification
of the FDOM marker function was done by assigning the components to
one of two groups indicating sources: a) microbial or protein-like DOM
sources that form as the result of microbial activity and b) components
forming a group addressed as terrestrial-like substances, such as lignin,
polyphenols and tannins or resynthesized compounds, rich in phenols, de-
riving from the formation of soil organic matter (Fellman et al., 2010).

2.5. Plant coverage estimates

Plant cover estimates (PCE) were calculated using pre-trained support
vector machine regression (SVE) models, published in Lehnert et al.
(2015a). Three different models have been used which were exclusively
trained for multispectral satellite data acquired by Landsat 5, 7, and 8.
Therefore, no harmonization was required as suggested e.g., by Roy et al.
(2016). The models have been validated against field samples from the Ti-
betan Plateau (Overall RMSE = 7.13, RMSE values of sensor specific
models 3.95 (Landsat 8), 7.01 (Landsat 7) and 7.54 (Landsat 5), for details
see Lehnert et al., 2015b). Scenes of Landsat 5, 7, and 8 for the last 30 years
were used to receive plant cover maps of the whole Nam Co watershed with
30 m spatial resolution. Landsat scenes were downloaded from the United
States Geological Survey website (http://earthexplorer.usgs.gov) and proc-
essed using an extended version of the 6S-code for atmospheric corrections
(Curatola Ferndndez et al., 2015; Vermote et al., 1997) and the Minnaert
model for topographic corrections (Riano et al., 2003). Obstructions
(e.g., clouds) were removed using the quality bands of the Landsat data.
In total, 24 watershed-wide acquisitions were available for the plant
cover assessment. Pixel-wise mean and standard deviations (SD) of plant
coverage were calculated for the investigation period. The final product
shows a good conformity with the actual plant cover of our study area
and was cross-verified by field investigations. Non-parametric Mann-
Kendalls correlation tests were applied to those pixels where at least 7
valid PCEs were available (significance level of a < 0.05). These tests
were applied to detect changes of plant cover over time (decreasing or
increasing). The term greening is used for significant increases of plant
cover. For the processing of the satellite data including the plant coverage
estimates, R (The R project for statistical computing, v3.6.3, GNU free soft-
ware) was used.
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Differences in the mean plant cover of the investigated catchments
Niyaqu, Qugaqie, and Zhagu were compared by the non-parametric
Conover-Iman test using the R-package ‘conover.test’ (Dinno, 2017) with
significance level of a < 0.05. Bonferroni post-hoc correction was applied
using the R-base package (R Core Team, 2013).

2.6. Statistics

The dataset was grouped into three main effects: (I) site (i.e. catchments
and lake), (II) sample category including endmembers (i.e. glacial effluents,
groundwater springs and wetland water) as well as all stream samples and
lake and brackish waters and (III) seasons. Mean and SD were calculated for
sites, sample categories and seasons. To gain information about watershed-
wide seasonal effects, mean values were calculated as a composite from all
three catchments. Watershed-wide mean composites of streams were com-
pared to other sample categories including endmember classes to reveal the
degree of variation within this effect group. Non-parametric tests and com-
parisons between and within the main effect groups were conducted. Since
prerequisites for parametric tests could not be met, we conducted non-
parametric tests: the Mann-Whitney-U test for pairwise comparisons and
Conover-Iman test for multiple pairwise comparisons of repeated measure-
ments, using Bonferroni post-hoc correction. Significant effects were ac-
cepted on the level of a < 0.05. Multiparameter subsets were created by
connecting the DOM and water chemistry dataset with PARAFAC-
resolved FDOM components. Multiple bivariate regressions and non-
metric multidimensional scaling (NMDS) were performed. NMDS is classi-
cally used to compute the ecological distance or -diversity between
samples (Faith et al., 1987; Anderson et al., 2006). We applied this distance
approach to calculate the biogeochemical distance between samples.
NMDS was performed on mean-centred and scaled data, using the vegan
package (Oksanen et al., 2020). For the first subset, including the high fluo-
rescence response FDOM data, the Euclidean dissimilarity index and k = 3
was used. The Manhattan index and k = 3 was used for the low fluores-
cence response FDOM components and corresponding dataset, forming
the second subset. Tables of scores, coefficients of determination (R?)
(Table S4, S5) and of loadings (Table S6) are provided in the supplementary
materials.

Statistics were computed using R (The R project for statistical comput-
ing, v3.6.3, GNU free software), its base packages (R Core Team, 2013),
the ‘tidyverse’ meta-package, (Wickham et al., 2019) and ‘conover.test’
(Dinno, 2017) for the Conover-Iman test.

3. Results
3.1. Plant coverage estimates around Lake Nam Co

The mean plant cover in the Nam Co watershed area was 48.1 % for the
investigated period. In the three investigated catchments, PCE decreased in
the order Niyaqu (52.3%) > Qugagie (49.5 %) > Zhagu (44.5 %) (supple-
mentary materials Table S1). The vegetation cover showed an altitudinal-
and exposition- dependent distribution with more green plant cover in
the south-west and east of the Nam Co watershed compared to the north
and north-west (Fig. 3a). Plant cover was connected with water availability
and increased insulation (north exposition) during the dry season. Espe-
cially the northern exposed valleys of the Nyaingéntanglha showed an over-
all higher plant cover driven by the water surplus received from glacial
meltwater (Song et al., 2014). The western catchments were characterized
by high plant cover along streams and in depressions, while the southern
exposed slopes in the northern Nam Co watershed exhibited low plant
cover of 35 to 45 %. The satellite based PCE data are consistent with field
surveys in the catchments, which revealed wetlands with mires and sub-
merged plants (Elodea) and of vast K. pygmaea pastures close to streams
and on insulated hill slopes mostly with an east-west valley course. Alpine
pastures are partly an azonal vegetation type in our study area, because
K. pygmaea covered the river banks almost to the lake (Fig. 3a).


http://earthexplorer.usgs.gov
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Fig. 3. Mean plant cover estimate (PCE) for 1990-2020 in 30 m resolution (a) and significant changes during the investigation period (b).

During the 30-year investigation period, only a small number of pixels
revealed a significant decrease in plant cover, corresponding to 3.9 % of
the depicted watershed area, whereas in large areas a pronounced greening
was observed, this comprised approximately 28.2% of the investigated wa-
tershed area (Fig. 3b). Especially the southern shoreline and the eastern and
north-eastern areas of the Nam Co watershed exhibited a significant green-
ing trend between 1990 and 2020.

3.2. Solute composition in the catchments and Lake Nam Co

Water pH values from Lake Nam Co were different in comparison to
stream water in the three catchments (Fig. 4a, Table 1). Differences also
existed between water samples from Niyaqu > Qugaqie and between
Qugagie < Zhagu (Table 1). Samples from June/July 2018 showed higher
pH values than those from May 2019 and September 2019. Glacial effluents
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had the lowest pH compared to stream samples (Table 2). Mineral nitrogen
concentrations also varied in the catchments. Ammonium showed smaller
concentrations in the June/July 2018 sampling season compared to May
2019 (Table 1), while wetland water showed highest values compared to
the other sample categories (Table 2). Water samples of the Zhagu catch-
ment showed highest nitrate concentrations, followed by Qugaqie and
Niyaqu. The lake showed the lowest nitrate concentration (Fig. 4c). Sea-
sonal effects on nitrate were visible, with May 2019 samples showing
higher values compared to June/July 2018 and September 2019. Nitrate
concentrations were higher in water samples collected from springs com-
pared to lake and brackish water, glacial effluents and wetland water sam-
ples (Table 2).

Table 1

The Niyaqu and Zhagu stream samples had higher calcium concentra-
tions compared to those of Qugagie stream and Lake Nam Co (Table 1). Dif-
ferences were found between calcium concentrations in stream samples
and wetland water compared to lake and brackish water samples, with
the latter showing higher concentrations. The results for a large group of
anions and cations showed a similar pattern. Along with EC and DIC con-
centration, bromine, lithium, chlorine, fluorine, magnesium, potassium, so-
dium and sulphate had the highest concentrations in Lake Nam Co samples
compared to the three investigated catchments. The differences were also
observable for the following sample categories: wetland waters, water
from springs and glacial effluents along with stream water had lower con-
centrations than lake and brackish water samples (Table 2). The

Solute composition for stream water samples from the Niyaqu, Qugaqie, and Zhagu catchments and from Lake Nam Co, and at different seasons of all three catchments, i.e. at
Indian summer monsoon (June/July 2018), at freshet (May 2019), and at base flow (September 2019 = Sep 2019). Shown are arithmetic means and standard deviation (SD).

Variable Niyaqu Qugagie Zhagu June/ July 2018 May 2019 Sep 2019 Lake Nam Co
Mean SD (%) Mean SD (+) Mean SD(+) Mean SD(+) Mean SD(+) Mean SD(+) Mean SD (%)
pH 8.23 0.49 7.11 0.65 8.06 0.38 9.41 0.13 8.24 0.94 7.90 0.41 7.88 0.70
EC [uS em™] 112.33 33.81 80.70 206.70 105.11 32.23 1457.5 301.38 207.68 376.64 136.05 214.57 190.17 377.92
NH; [mgL™'] 0.00 0.03 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.04
NO3 [mgL™'] 0.77 0.50 1.05 0.41 3.75 2.45 0.17 0.38 1.06 1.26 1.87 1.99 1.12 1.35
ca’* [mg L™ 1 9.43 4.10 3.94 1.41 8.06 2.63 2.15 0.52 6.74 4.02 7.55 3.78 8.33 4.51
Br~ [mgL™'] 0.00 0.00 0.00 0.03 0.00 0.00 0.21 0.05 0.01 0.05 0.00 0.03 0.01 0.06
Li* [mgL™'] 0.00 0.00 0.00 0.04 0.00 0.00 0.28 0.14 0.02 0.08 0.00 0.00 0.02 0.09
Cl™ [mg L1 2.68 1.77 3.92 7.25 3.28 1.95 50.57 13.70 8.29 12.30 4.08 8.65 4.70 13.88
F~ [mgL™'] 0.05 0.03 0.23 0.50 0.06 0.01 3.80 0.48 0.42 1.04 0.16 0.59 0.32 0.95
Mg?* [mgL™'] 1.88 0.80 1.53 5.99 1.49 0.48 52.17 9.93 5.49 12.64 3.08 9.74 4.97 13.87
K* [mg L1 0.59 0.23 1.10 3.58 1.15 0.49 26.01 6.95 2.75 6.68 1.49 4.42 2.37 7.21
Na* [mg L1 2.24 1.29 7.16 33.98 3.33 1.06 234.86 57.66 22.06 62.49 9.33 42.93 17.65 63.30
SO%™ [mgL™'] 12.53 11.02 10.17 22.66 2.78 0.96 160.42 39.72 21.49 40.85 13.08 29.87 20.71 42.79
P03~ [mgL™ '] 0.00 0.01 0.00 0.00 0.01 0.03 0.01 0.02 0.00 0.01 0.06 0.02 0.00 0.01
(CO0)3~ [mgLfl] 0.03 0.02 0.01 0.01 0.04 0.03 0.01 0.01 0.03 0.02 0.02 0.03 0.02 0.02
DIC [mg L™ 1] 7.60 2.32 4.54 18.75 6.26 2.68 141.63 51.13 16.41 34.80 8.24 13.84 16.92 44.47
DOC [mgL™1] 2.22 2.26 2.28 5.18 2.94 2.09 4.31 3.21 3.10 4.27 1.87 2.21 2.30 2.40
SUVA2s4 4.47 2.56 3.32 2.93 2.87 1.79 0.39 0.37 1.70 1.33 5.52 2.92 4.37 2.16

[L mg Cc 'm™




P. Maurischat et al.

Table 2

Science of the Total Environment 838 (2022) 156542

Solute composition of different sample categories, of all studied streams and the lake. Shown are arithmetic means and standard deviation (SD). Fluorescence components are

in the unit of relative intensity (RI).

Variable Stream water Glacial effluent Spring water Wetland water Lake and brackish
water

Mean SD (*) Mean SD (%) Mean SD (x) Mean SD (*) Mean SD (x)
pH 7.99 0.63 7.29 0.91 8.05 0.56 8.14 0.27 8.68 0.88
EC[pSem™'] 96.21 38.07 74.82 51.80 105.14 51.02 171.85 1.91 722.28 715.96
NH; [mgL™'] 0.00 0.01 0.01 0.01 0.01 0.02 0.17 0.21 0.01 0.01
NO; [mgL™ 1 1.35 1.53 0.88 0.60 3.37 2.62 0.04 0.01 0.61 0.50
Ca®* [mgL™'] 8.16 3.99 6.91 4.88 7.73 3.54 14.09 2.86 4.16 2.91
Br~ [mgL™!] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.11
Li* [mgL~ 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.17
Cl™ [mgL™'] 3.02 1.90 2.00 1.42 2.42 1.95 2.10 1.47 24.54 25.96
F~ [mgL™'] 0.08 0.05 0.04 0.02 0.06 0.01 0.24 0.01 1.83 1.86
Mg?* [mgL™'] 1.48 0.74 1.34 1.23 1.13 0.47 4.55 0.32 24.48 26.09
K" [mg L™ 0.67 0.39 0.46 0.25 0.68 0.38 1.30 0.21 12.39 13.45
Na* [mgL™!] 2.25 1.27 0.65 0.35 2.58 1.16 4.72 0.59 110.23 122.48
SO7” [mgL™'] 9.64 10.00 12.29 10.98 1.98 0.80 2.95 0.04 79.39 80.00
P03~ [mg L™ 1 0.00 0.02 0.00 0.00 0.01 0.04 0.04 0.06 0.01 0.02
(COOZ% 0.03 0.03 0.01 0.01 0.03 0.01 0.12 0.10 0.01 0.02
[mgL™ "]
DIC [mg L1 6.04 3.09 3.66 3.38 6.27 2.85 14.58 1.56 67.83 75.61
DOC [mg L™ 2.41 3.23 0.63 0.46 2.84 213 12.46 1.04 2.89 2.60
Absorbance [254 nm] 0.06 0.05 0.03 0.02 0.10 0.09 0.34 0.00 0.04 0.02
SUVA25471 1 3.94 2.60 4.90 2.79 3.45 2.39 2.70 0.23 2.01 2.58
[LmgC™ "m™ ]
§'3C of DOM [%o] —24.85 3.48 —24.21 6.46 —24.22 4.81 —25.50 0.54 —23.21 3.84
FC 1 (high) [RI * 10°] 3.46 0.22 0.25 0.04 0.40 0.35 1.28 0.28 0.20 0.08
FC 2 (high) [RI = 10°] 2.05 1.44 1.57 0.21 2.87 2.63 6.04 1.38 1.15 0.39
FC 3 (high) [RI % 10°] 0.75 2.55 0.15 0.02 0.17 0.16 1.67 1.00 0.27 0.15
FC 4 (high) [RI = 10°] 1.29 1.07 1.04 0.14 1.75 1.74 5.00 1.46 0.90 0.32
FC 1 (low) [RI * 10*] 6.77 3.55 2.41 2.37 5.68 0.78 n.d. n.d. 4.59 3.21
FC 2 (low) [RI % 10*] 4.96 3.26 1.37 1.69 3.68 1.36 n.d. n.d. 3.31 2.25
FC 3 (low) [RI * 10*] 2.11 291 0.73 0.62 0.87 0.23 n.d. n.d. 2.02 2.76
FC 4 (low) [RI % 10%] 1.53 0.86 231 5.54 1.38 0.10 n.d. n.d. 1.01 0.72

comparison of DIC concentrations showed different results between glacial
effluents and wetland water samples with higher concentrations (Table 2).
Phosphate concentrations differed not only between the catchments and
the lake, but also between the streams, where samples of the Zhagu catch-
ment had larger values than those of Niyaqu and Qugagqie.

Lake Nam Co water samples showed smaller oxalate concentrations
than stream samples from the Niyaqu and Zhagu catchments. Smallest oxa-
late concentrations were measured in Qugagie samples, (Fig. 4b, Table 1).
In sample categories, oxalate concentrations were increased in wetland
water and stream water compared to samples from lake and brackish, and
glacial sources (Table 2). With regard to seasons, oxalate concentrations
were increased in June/July 2018 compared to May 2019, and September
2019.

DOC concentrations in water samples of the three catchments and Lake
Nam Co varied between 0.1 and 23.2 mg L™ 1 (Fig. 4e, Table 1). Mean DOC
concentrations were 4.3 mg C L™ ! in water samples from Lake Nam Co and
higher compared to Niyaqu (2.2 mg C L™ ") and Qugagie (2.3 mg CL™ 1),
while the mean DOC concentration of the Zhagu catchment (2.9 mg C
L™ 1) showed no differences. Wetland waters showed highest DOC concen-
trations (12.4 mg C L™Y), while glacial waters showed significantly lower
concentrations (0.6 mg C L™, both compared to other sample categories
(Table 2).

The specific ultraviolet absorbance of DOM at 254 nm (SUVA,s,) re-
vealed significant differences between catchments, sample categories and
seasons (Fig. 4f, Table 1, Table 2). First, lake samples had lower absorbance
values compared to the stream water samples from all three catchments.
Second, catchment SUVA,s, increased in the order Zhagu < Qugagie <
Niyaqu, but was significantly different between Zhagu and Niyaqu only.
Stream water and glacial effluents had higher SUVA,5,4 values compared
to lake and brackish water samples. For sample categories SUVA,s4 de-
creased in the order glacier > stream > spring > wetland > brackish/lake,
while absolute absorbance (A254) was highest in wetland waters and sig-
nificantly different compared to glacial effluents and lake and brackish

waters (Table 2). Samples taken in June/July 2018 had lower SUVA,s4
than the May and September 2019 samples (Table 1).

8'3C values of DOM in soil and groundwater were only slightly less neg-
ative compared to those in plants (Fig. 5). In contrast, organic materials in
glacial sediments were more enriched in '*C compared to all other samples.
The stream samples of the Qugaqie catchment, receiving glacial meltwater,
were characterized by less negative §'3C values of DOM. Also DOM from
brackish zones and Lake Nam Co was enriched in '3C (Table 2). Water of
sample categories showed differences, but these were not significant. Wet-
land water showed the most depleted §'>C of DOM compared to other sam-
ple categories (Table 2). 813C values in lake samples were different in
comparison to those of soils, plants, and groundwater as well as from
water samples from the Zhagu and Niyaqu catchments, which form a first
statistical group, except for the June/July 2018 samples (Fig. 5). Riverine
DOM from the Qugaqie catchment, from Niyaqu and Zhagu during the
monsoon season, glacial sediments and lake DOM belong to a second statis-
tical group. With respect to strong seasonality, 8'>C of DOM of riverine sam-
ples taken in June/July 2018 were different from those taken in May 2019
and September 2019 (Fig. 5).

3.3. PARAFAC resolved fluorescence spectroscopy EEMs

Two PARAFAC models were produced from the fluorescence EEMs, one
for the high fluorescence response subset and one for the low fluorescence
response subset. Detailed model descriptions and graphical visualisations
can be found in the supplementary materials (Fig. S4). The high fluores-
cence response model consists of four components, FC 1 with excitation/
emission maxima [nm] of (320/425), FC 2 (280/500) with a second excita-
tion peak at 405 nm, FC 3 (280/350) and FC 4 (360/465). Asetof n = 78
samples is described. Analysis of sample factor loadings revealed unique
contributions of all modelled components for the samples, component load-
ings are statistically different from each other on a level of a < 0.05 (Pear-
son correlation coefficient). The low fluorescence response model showed a
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four component solution to describe the set of n = 61 samples. Excitation
and emission maxima of components are FC 1 (330/430), FC 2 (390/
475), FC 3 (280/350) and FC 4 (280/420). In the low subset, FC 3 and
FC 4 are positively correlated. All other components of the low fluorescence
response model are not statistical related (Pearson correlation coefficient, o
< 0.05).

3.4. Bivariate regression and NMDS ordination of the PARAFAC resolved FDOM
components with the combined DOM dataset

Characteristics of FDOM components were tested against variables of
the DOM and water chemistry dataset (supplementary materials
Table S2). For the high fluorescence response components, if not stated dif-
ferently, reported relations were positive. Interpretations were further
tested using already published fluorescence spectra using the OpenFluor
database (Murphy et al., 2014) reported in detail in the supplementary ma-
terials (Table S3).

Component FC 1 showed relationships to DIC, DOC, sodium, chloride,
and magnesium, FC 2 has weak relationships with DIC, DOC, chloride, so-
dium and, magnesium, while the third FDOM component (FC 3) was corre-
lated to potassium and nitrate and negatively correlated to 8'C of DOM,
with weak and very weak fits, respectively. The fourth component (FC
4) showed a weak regression trend with DIC, DOC, chloride, and magne-
sium concentration. FDOM components 1, 2 and 4 represented plant and
soil-derived terrestrial-like fluorophores, the latter suggested lignin-
phenols as FDOM source. These components were connected to solutes
originating from plants or soil with reworked residues from the terrestrial
domain. This was corroborated by comparisons in the OpenFluor database.
Component FC 3 represents a microbial-like FDOM component. Here,
protein-derived tryptophan was indicated as FDOM source.

For the low fluorescence response subset, a positive relationship was
identified between FC 1 and the §'3C ratio of DOM, FC 2 revealed weak pos-
itive correlations with 8'>C of DOM and calcium concentration. The third
FDOM component showed a negative correlation with SUVA,s,4 and a pos-
itive correlation with 8'3C of DOM, while FC 4 was weakly positive corre-
lated with ammonium and SUVA,s4. FDOM component 1 was interpreted
as microbial-like fluorophore and FC 3 was identified as tyrosine, of an au-
tochthonous protein-bound origin, corroborated by comparison with the

OpenFluor database. FC 2 and FC 4 were identified as terrestrial-like fluoro-
phores.

FDOM components (Fig. 6) were statistically compared in sites, sample
category and seasons and taken as dependent variables in NMDS ordination
(Fig. 7). For the high subset, the Qugagqie catchment had significantly lower
FDOM concentrations compared to the Niyaqu and Zhagu samples for all
terrestrial-like components (FC 1, FC 2, FC 4), being in-line with observed
lower DOC concentrations, whereas the microbial-like component FC 3
was significantly increased in samples from Qugagie (Fig. 6a). For the
low fluorescence response subset, the relative concentration of FDOM com-
ponents showed significant differences between the Qugagie and Zhagu
catchment, with the latter samples significantly higher in microbial-like
FC 1 and terrestrial-like FC 2 and FC 4. Water samples from the lake were
significantly lower in terrestrial-like FC 4 and microbial-like FC 1 compared
to DOM from the Zhagu catchment (Fig. 6¢).

For sample categories, all wetland samples were located in the high re-
sponse subgroup. Here, the terrestrial-like FDOM component FC 1, and the
microbial-like component FC 3 showed a trend of higher concentrations
compared to all other sample categories (Table 2). The wetland samples,
were exempt from statistical testing, due to the low sample size (n = 2).
In the low fluorescence response subset, differences were found for the
microbial-like components: FC 1, FC 3 and the terrestrial-like FC 2. Stream
water samples were significantly enriched compared to glacial effluents.
Lake and brackish water samples were enriched in microbial-like FDOM
(FC 3) compared to glacial effluents, while glacial water had the highest
overall values of a terrestrial-like FDOM in the low fluorescence response
subgroup (FC 4) (Table 2).

Seasonal differences were visible for FDOM components of the high
fluorescence response subset. Terrestrial-like FDOM components (FC1, FC
2 and FC 4) were significantly enriched during the baseflow season (Sep-
tember 2019) compared to freshet (May 2019) and the monsoon (June/
July 2018). In contrast, microbial-like FDOM concentration of the high sub-
set (FC 3) was significantly increased during the monsoon season compared
to the other two seasons (Fig. 6b). In the low response subset, freshet FDOM
was enriched in two components (FC 1 and FC 2) compared to samples
drawn during the monsoon, while the microbial-like, tyrosine-like compo-
nent FC 3 was significantly increased during monsoon compared to the
other two seasons (Fig. 6d).
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The first NMDS ordination including the high fluorescence components
of water samples is displayed in Fig. 7(a, b, c) for the three independent var-
iables (site, sample category, and season, respectively). Dimension 1 of this
ordination divided samples with high pH, high DIC and high EC readings.
Terrestrial-like FDOM components (FC 1, FC 2 and FC 4) and DOC concen-
tration defined this dimension as well. The negative direction of dimension
1 was driven by 8'3C of DOM. The second dimension for the first subset dif-
ferentiated SUVA,s4 and sulphate on the positive side and high concentra-
tions of nitrate, oxalate, phosphate, potassium, DOC and microbial-like FC
3 (FDOM) on the negative side. When comparing the three catchments
(Fig. 7a) and sample categories (Fig. 7b), samples from wetlands were
strongly clustered in the positive direction of dimension 1. In contrast, sam-
ples from the Qugagie catchment scored in a negative direction. At the sec-
ond dimension, a separation of samples from the Niyaqu in the positive and
the Zhagu catchment in the negative direction was apparent. For seasons, a
scattering in ordination was visible (Fig. 7c). The June/July 2018 samples
were mostly located in the negative directions of both dimensions, while
the September 2019 samples were in the positive direction of the second di-
mension. Samples obtained in May 2019 were clustered in the core of the
ordination space.

The second NMDS ordination contains the low response fluorescence
FDOM components (Fig. 7d, e, f). The first dimension was explained by
the DIC content, the EC readings, and by anions and cations. This direction
was driven by a large group indicating the influence of salts and carbonates
as well as EC and the DIC concentration. While SUVA,s,4 and the terrestrial-

10

like FDOM component FC 4 were in the negative direction. §'C of DOM,
ammonium and FDOM component FC 3 were positioned on the positive di-
rection of the second dimension, while pH, nitrate, as well as oxalate, cal-
cium, phosphate and two FDOM components (FC 1, FC 2) were in the
negative direction. When examining clustering for sites, Lake Nam Co sam-
ples were separated from stream samples on the first dimension (the
Qugagqie sample is close to the terminus), while the second dimension
mostly resolved compositional differences between catchments. The
Qugagie and Niyaqu samples scored in the positive direction of dimension
2. The majority of the Zhagu samples scored in the negative space in both
dimensions. The Lake Nam Co samples were not seasonally clustered,
while the stream water samples of September 2019 scored more in the pos-
itive space of dimension 2 compared to the May 2019 samples, and June/
July 2018 samples, those were spread in the ordination space (Fig. 7f).

4. Discussion
4.1. Plant cover

All three catchments revealed features of degradation but with different
extents (Fig. 2b, c). The plant cover estimate (PCE) showed significantly
lower plant cover in Zhagu and Qugagie compared to the Niyaqu catch-
ment. For the Zhagu catchment, we interpret this as a drought effect, caused
by the absence of glacial meltwater and increasing aridity northwards, vis-
ible by lower MAP values. Intense animal husbandry in the remaining
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productive areas likely increases grazing pressure and leads to damaged pas-
tures. The Qugagqie catchment, which is used as a summer pasture (Tibetan
Pastoralists, 2019), is to a large extent covered with productive alpine pas-
tures at lower altitudes. At the sub-nival to nival altitudinal zone, there is
only sparse vegetation, leading to smaller watershed-wide mean PCE values
compared to the Niyaqu catchment. In the Qugagie catchment, the lower
plant coverage is interpreted as a consequence of its high elevation.

Hopping et al. (2018) reported degraded pastures close to the southern
shoreline of Lake Nam Co, which has also been found for K. pygmaea pas-
tures at other locations on the TP (Damm, 1998; Qiu, 2016; Lehnert et al.,
2016; Liu et al., 2018., Harris, 2010). In contrast, our satellite-based PCE es-
timate reveals only ~4 % of the land area with significant decrease of plant
coverage during the last 30 years. In contrast, the PCE data confirmed a
greening of the three catchment areas, in line with Zhang et al. (2008)
and Zhong et al. (2019). But this cannot serve as a definitive evidence for
the absence of degradation. Multispectral satellite data are feasible to detect
changes in green cover, such as the loss of pasture patches, but are limited
to track changes in species composition, which are important early warning
signs for degradation (Miehe et al., 2008; Schleuss et al., 2015). In addition,
the time series analysis of satellite data can only detect changes in ongoing
degradation; an assessment of the degradation status is impossible without
further environmental data. The large extent of plant cover increase in the
Nam Co watershed is found mostly in areas with relatively low plant cover
30 years ago, which largely belong to the alpine steppe (Anslan et al.,
2020), and most likely is due to the reported water surplus in the last de-
cades (Zhang et al., 2019; Zhang et al., 2017). Greening and changes in
plant cover can massively influence the formation of DOM (Singh et al.,
2017). Our data show that high plant cover prevails along the course of
the streams, according to field observations dominated by K. pygmaea.

4.2. Site-specific DOM signatures

The DOM signature in streams can vary strongly depending on the ori-
gin of DOM (Amon et al., 2012; Coch et al., 2019; Jaffé et al., 2012). Our
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data show that water biogeochemistry and DOM composition in streams
of the three catchments and Lake Nam Co have unique signatures. They fur-
ther differ between landscape units, reflecting different source areas such as
wetlands and glacial ecosystems. In the following we discuss endmembers
and landscape unit features from the three investigated catchments of the
Nam Co watershed.

4.2.1. K. pygmaea pastures

Plant cover estimations show that the majority of stream water samples
are directly influenced by K. pygmaea, even if embedded in an alpine steppe
surrounding. The alpine pasture in the Qugaqie and Niyaqu catchment ex-
tends along the stream path almost to the stream terminus at Lake Nam Co.
The majority of stream samples from Niyaqu and Qugagqie cluster together
in a dimension influenced by high SUVA,s,4 (Fig. 7d), coinciding with high
PCE in the surrounding (Fig. 3). The majority of stream banks are grown
with K. pygmaea pastures. We identified significant conformity between
high PCE and high SUVA,s, signatures (Kruskal-Wallis rank sum test; o
< 0.05). Further, correlations between high SUVA,s,4, depleted §'3C of
DOM and low DOC concentrations were identified, pointing towards a
unique DOM signature in streams. The 8'3C ratios in DOM samples of
streams (Table 2) are close to those of soil samples (Fig. 5), underlining a
likely connection between terrestrial material and streams. Terrestrial-like
FDOM components (high subset: FC 1, FC 2, FC 4; low subset: FC 4) in
stream samples of Niyaqu and Qugaqie (Fig. 7a) also indicate a prominent
influence of plant- and soil-derived materials and suggest a smaller share of
in-situ microbial DOM production (e.g., by bacteria) in the stream. The lat-
ter is likely due to the short residence time of DOM in the fast-flowing
streams, similar results were reported from a case study of low order
streams from boreal Sweden (Kothawala et al., 2015).

Stream water DOM can contain large proportions of plant and soil de-
rived components (Coch et al., 2019; Zhou et al., 2019). The prevailing
K. pygmaea pasture is well understood to retain large amounts of water, nu-
trients and carbon in its root turfs (Kaiser et al., 2008; Schleuss et al., 2015),
being likely responsible for the low DOC concentrations in stream water
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samples. Further, the depleted 8'>C values and high SUVA,s, in these sam-
ples suggest a limited microbial processing of the terrestrial-borne DOM. In-
stead, a direct washing out of plant material into streams is probable. We
conclude that alpine pastures lead to a unique DOM signature, controlled
by the characteristics of the firm K. pygmaea root mat.

4.2.2. Glacial ecosystems

Glacial meltwater plays a key role for the water budget of the lake
(Song et al., 2014). The hydrosphere of Niyaqu and the Qugagqie catch-
ment are largely influenced by glacial meltwater (Gao et al., 2015).
DOM from water samples taken at the glacial termini show unique
DOM signatures. These water samples showed low DOC concentrations,
high SUVA,s,4, despite sparse plant cover, and were richer in 13¢C com-
pared to DOM sampled downstream. This is accompanied by high con-
centrations of ammonium and the microbial-like FDOM component FC
4 (low fluorescence response dataset). We believe, that Tibetan
glacier-derived DOM is chemically distinct from stream and lake DOM
(Spencer et al., 2014; Li et al., 2021). Glaciers represent a unique envi-
ronment with organic matter production by photoautotrophic microor-
ganisms in-situ (Anesio et al., 2009), producing organic material highly
enriched in '3C as the sampled glacial sediments show (Fig. 5). The good
water solubility of this material (Dubnick et al., 2010) explains the ori-
gin of microbial FDOM and 8'>C in DOM. The high nitrogen load is
likely due to a release successive to microbial nitrogen fixation in the
glacial environment (Telling et al., 2011). DOM under glacial influence
is largely characterized by autochthonous signatures.

The elevated values of SUVA,s, on the other hand indicate the exis-
tence of a second source connected to high concentrations of black car-
bon, derived by organic matter combustion and atmospheric deposition
on Tibetan glaciers (Spencer et al., 2014; Wang et al., 2019). Takeuchi
(2002) identified cryconite, a powdery mixture of sediment particles,
dust and microbes, blown onto the glacier from the surroundings
(Hodson et al., 2008), which contribute to dark-coloured organic sub-
stances in the cryosphere of Tibet. The high SUVA,54 can be explained
by this. In conclusion, glacial DOM is characterized by both, the autoch-
thonous material derived from the microbiome of the glacier and an al-
lochthonous source, likely cryconite/black carbon type materials that
originate from atmospheric deposition. Stream DOM samples in the
Qugaqie catchment are largely controlled by endmember DOM signa-
tures from the glacier (Fig. 7d, e). 80% of Qugaqie water discharge orig-
inates from glacial meltwater (Adnan et al., 2019) which can explain
this large influence, including the low DOC concentrations.

4.2.3. Groundwater springs and intense pastoral activity

The Zhagu catchment shows the lowest mean plant cover and the
most pronounced pasture degradation. A groundwater aquifer feeds
several first order streams (Tran et al., 2021) and the catchment was
arheic during sampling. The collection of groundwater was only possi-
ble in Zhagu, due to a lack of open groundwater springs in other catch-
ments. Our data show a relation of high DOC and oxalate concentration
with nitrate, phosphate, and potassium at sampling sites of the Zhagu
catchment close to springs. The spring endmember further exhibited a
high concentration in FDOM (FC 1, FC 3 (microbial-like) and FC 2
(terrestrial-like) - low subset), and had a §'°C ratio of DOM (mean -
24.2%o) that is richer in '*>C compared to those of groundwater samples
(mean - 27.2%o) and plants (mean - 26.8%o). Intense pastoral activities
have likely led to the high concentration of nutrients and DOC and to
the input of organic matter, rich in 1°C in spring DOM. This can be
interpreted as the result of a strong local influence of yak dung, as was
visible around the springs (supplementary materials, Fig. S8, S9). Ac-
cording to Du et al. (2021), yak dung is a relevant source of organic car-
bon and inorganic nitrogen on the TP. As the §"3C composition of
ungulate faeces fractionates the isotopic signature of the plant fodder
source (Ma et al., 2013), this may also in part explain the 813C of
DOM. In the ordination plots (Fig. 7a, d), terrestrial- and microbial-
like FDOM components (FC 3 - high subset, FC 1 and FC 2 — low subset)
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are connected to spring DOM, indicating that its properties are influ-
enced by yak dung through direct FDOM release and microbial re-
utilisation. We conclude that Zhagu stream DOM is largely influenced
by the groundwater source, affected by degraded pastures and higher
nutrient loads through yak dung in the remaining pastures.

4.2.4. Alpine wetlands

Extensive wetlands are scarce in the Nam Co catchment, but still have a
large ecological significance in the eastern parts of the TP (Xue et al., 2018).
Wetland water samples are chemically distinct from all other sources, as in-
dicated by their large offset to other clusters in the ordination space
(Fig. 7b). They have high DOC concentrations, along with 8'°C values re-
sembling those of topsoils (Fig. 5) high oxalate concentrations and high ab-
solute absorbance (A254; Table 2). Shatilla and Carey (2019) reported high
DOC concentrations of alpine wetlands of the Alaskan Yukon and high aro-
maticity, indicating that wetland DOM is primarily plant-derived. In the or-
dination plots (Fig. 7b) the wetland waters are characterized by strong
loading with terrestrial-like FDOM components (FC 1, FC 2, FC 4). Further-
more, wetland water had high magnesium, ammonium, and DIC concentra-
tions and the highest EC of all catchment water samples. The ion
enrichment is probably caused by the basin topography of the wetland,
which has an accumulation effect from the surroundings. The high ammo-
nium concentrations further indicate high primary production coupled
with rapid in-situ degradation and subsequent release of mineral nitrogen.
Correspondingly, the microbial, tryptophan-like FDOM component FC 3,
suggested to be derived from the activity of the autochthonous microbial
community in the water column, is elevated compared to other
endmembers.

4.3. Unification of DOM signatures along the stream path

While endmember fingerprints influence DOM signatures in the three
catchments, aquatic systems are acknowledged also as mechanistic reac-
tors, exposing DOM to biogeochemical processing during the fluvial path-
way (Zark and Dittmar, 2018). In our study unification was exclusively
observed in samples of the Qugagqie catchment, where the initial glacial sig-
nal with high SUVA,s4 and high ammonium gradually vanishes during the
flow path (Fig. 7e). Ammonium is presumably oxidized to nitrate and/or
immobilized by riverine microorganisms (Singer et al., 2012), again indi-
cating high volatility of glacial DOM, while alteration of chromophoric
DOM is likely due to quick photooxidation (Ni and Li, 2019) or dilution
(Jennings et al., 2020). Furthermore, continuous inputs of terrestrial-
borne DOM from alpine pastures can explain the downstream change to-
wards more depleted '>C of DOM. Steady inputs hamper unification pro-
cesses in small catchments (Roebuck et al., 2020) as are reported for
larger river systems (Riedel et al., 2016). DOM unification processes exist
globally (Kellerman et al., 2018) and processing was identified for several
large rivers, like the Yukon river (Shatilla and Carey, 2019), the Ob-Irtysh
(Perminova et al., 2019), and the Amazonas (Seidel et al., 2015). We
infer, that DOM of large river systems has longer residence times compared
to the streams investigated in our study. This substantially decreases the de-
composition rate of DOM (Catalén et al., 2016). Concluding, the relatively
low stream order, in combination with the diverse source structure and the
potential permanent inputs hinder unification processes during the stream
path.

4.4. Season specific DOM composition

Seasonality is a major aspect when assessing DOM properties on ecosys-
tem scale (Shatilla and Carey, 2019). Particularly, freshet was found to be a
major driver of DOC export in small watersheds, e.g. in permafrost ecosys-
tems (Guggenberger et al., 2008) and in glaciated boreal watersheds of the
Arctic (Lafreniére and Sharp, 2004). During freshet, stream samples
showed a relatively high load of mineral nitrogen with lower DOC concen-
trations and more plant-derived DOM compared to other seasons. The re-
sults from our study on the TP are exceptional. In fact, the relative
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enrichment of plant-derived material was reported during freshet for Sibe-
rian rivers (Amon et al., 2012), the Yukon (Shatilla and Carey, 2019) and
Arctic watersheds (Lafreniére and Sharp, 2004), but in contrast, this went
along with higher DOC concentrations, unlike our findings. During freshet,
the high contribution of plant derived DOM is due to mobilization and lat-
eral runoff of DOM in the organic surface soil with snow melt
(Guggenberger et al., 2008; Guo and Macdonald, 2006). High mineral ni-
trogen concentrations are likely a result of a mineralization pulse of lysed
microbial cells after thawing (Austnes and Vestgarden, 2008). Our findings
indicate that the effect of freshet was smaller than in boreal and tundra bi-
omes. In contrast to these biomes, winter at the Nam Co watershed is char-
acterized by low precipitation and absence of snow cover (Dorji et al.,
2013). Consequentially, water discharge from streams is three to four
times lower in the non-monsoon season (Yu et al., 2019). Nieberding
et al. (2020) found that plant primary production is limited by low water
availability. Therefore, physiological reactions of drought resistance in
plants (Li et al., 2014; Huang et al., 2021) limit DOM formation. Absence
of large freshet effects in the investigated catchments are driven by low
water supply, hampering the accumulation of plant-derived DOM.

During the onset of the Indian summer monsoon, DOM was strongly
enriched in '3C (up to +7%o) as compared to freshet and baseflow. This
was accompanied by a shift in the composition of DOM at unchanged
DOC concentrations. In June/July 2018, a coupled decrease of SUVA,5,4
and terrestrial-like FDOM components along with less depleted *3C of
DOM corresponds to a shift towards a more microbial DOM source during
the ISM. As shown for other case studies (Larsen et al., 2010; Zhao et al.,
2016), FDOM can track changes in microbial-derived DOM. In our study af-
fected through changing conditions of hydrology and temperature driven
by the ISM. Leaching of microbial-derived DOM is especially strong at
high soil water contents (Caillon and Schelker, 2020) along with higher
soil temperatures (Han et al., 2022b), as is the case during the ISM. Besides,
we found a rerouting of draining systems in the investigated catchments.
Wadi-like structures with episodic water flow were active in the Niyaqu
and Zhagu catchment in June/July 2018. From these channel dead zones,
accumulated microbial-derived compounds, such as biofilms can be
washed out in great quantities (Wondzell and Ward, 2022). Our data
show a pronounced effect of the ISM on DOM composition. During the
baseflow in September, 8'>C of DOM decreased compared to the ISM sea-
son, concurrently with increased SUVA,s4 and more humic-like FDOM:
FC1, FC 2 and FC 4 (high subset), especially in samples of the Niyaqu catch-
ment. DOM composition after the monsoon influence changed back to a
pre-monsoon stage, with DOM inputs mainly derived from soils and plants.
Our results suggest unique features of DOM composition and processing
with respect to seasonality. Freshet plays a smaller role, compared to boreal
and tundra biomes, where this is a more important factor that affects
changes in DOM composition. In contrast, the ISM has large effects on
DOM composition for these small watersheds of the TP by means of a
higher contribution of microbial-derived DOM.

4.5. DOM and biogeochemical signatures in Lake Nam Co

Terminal systems such as oceans or endorheic lakes play an important
role in processing DOM. These environments have DOM signatures derived
from intense transformation (Goodman et al., 2011; Zark and Dittmar,
2018). Water of Lake Nam Co was characterized by higher concentrations
of ions and DIC compared to the water chemistry in catchments (Zhang
et al., 2008). We attribute the increased concentration of ions observed in
our samples to an evapo-concentration effect (Fujinami and Yasunari,
2001). Zhang et al. (2008) showed that the ion chemistry of Lake Nam Co
is relatively unaffected by the ion signatures of inflowing streams, which
we substantiate in this study. We show that Nam Co's DOM composition
is largely unaffected by seasonality, echoing previous results (Kai et al.,
2019). This probably is due to the large water volume and the intense
mixing in the dimictic lake. The DOC concentration in the lake was higher
compared to the catchment streams, except for sampling sites of Zhagu di-
rectly influenced by groundwater. SUVA,s4 and a terrestrial-like FDOM
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component of the low subset (FC 4) were depleted in lake water samples,
while lake water DOM was enriched in '>C with up to +5%o, as compared
to stream DOM during freshet and baseflow conditions. Our data are in line
with findings from the Rocky Mountains, where DOM of lake and streams
was chemically distinct (Goodman et al., 2011). This becomes apparent in
the ordination distance between catchments and the lake (Fig. 7d).
Microbial-like, tyrosine FDOM (FC 3, low response dataset) was more abun-
dant in lake water samples than in stream DOM and most endmember
DOM. This indicates that microbial in-situ production of DOM in the lake
is decisive, also indicated by the elevated DOC concentration. Intense pho-
tooxidation of the imported chromophoric stream DOM in the lake reduces
SUVA,s,, as is visible by 90% lower values compared to stream DOM
(Table 1, Table 2). In addition, the enriched **>C of DOM indicates a shift to-
wards autochthonous microbial and algal production. DOM enriched in **>C
along with low aromaticity is a typical feature of terminal systems such as
large lakes or oceans and are due to microbial and photooxidative process-
ing of riverine DOM as well as autochthonous microbial/algal DOM pro-
duction (Helms et al., 2014; Spencer et al., 2009).

5. Conclusions

We established a multiparameter dataset of DOM and biogeochemical
water signatures (EC, pH, cations and anions, DOC, DIC, SUVA,s4,
PARAFAC-resolved FDOM and §'3C of DOM) for three diverse catchments
and for the Lake Nam Co in order to investigate the impact of landscape
units on the characteristics and processing of DOM along the course of
streams. Stream samples were strongly influenced by terrestrial signatures,
having site-specific, unique DOM signatures inherited from glaciers, alpine
wetlands, groundwater sources and an operational signature that we attri-
bute to K. pygmaea pastures. The high site specificity of DOM, originating
from low order streams and endmembers diminishes only slightly with
the DOM passage in the streams due to constant terrestrial inputs. However,
lake water DOM is almost completely independent of inflowing streams due
to photooxidative degradation of primarily phenol-rich, terrestrial-borne
organic matter and microbial processing of labile riverine DOM, along
with pronounced autochthonous formation of algal- and microbial-
derived DOM. The dissolved organic matter composition of Lake Nam Co
resembles a quasi-marine terminal environment, while site-specific influ-
ences derived from endmembers are largest in the headwaters of streams.
We found a loss of site-specific characteristics when comparing lotic re-
gimes with limnic regimes. The mechanisms of DOM processing in the
lake should receive more attention in future. Here, investigations imple-
menting lake bathymetry and featuring larger sample sizes are still missing.

Seasonal DOM variations during freshet were found to be less pro-
nounced compared to studies of boreal and tundra biomes. We attribute
this to the typical absence of snow cover during winter and therefore the
lack of snow-melt driven DOM flush and formation. In contrast, we identi-
fied a monsoonal effect on DOC concentrations and DOM signatures, with a
pronounced shift towards a strong mobilization of microbial DOM sources.
Future studies should consolidate these insights, especially by accounting
for the influence of interannual changes of seasonality effects.

Future responses of ecosystems to global change may have pro-
nounced impacts on the concentrations of DOC and inorganic solutes
as well as on DOM composition in streams entering Lake Nam Co. A gla-
cier retreat will likely have great effects on the alpine pasture biome in
catchments, while the hydrosphere of the Nam Co lake appears rela-
tively uninfluenced by catchment processes. Furthermore, our PCE
data indicate a fostered growth of alpine steppe and a greening of the
lake shoreline. This may lead to higher DOC concentrations and to a
higher proportion of plant-derived, chromophoric DOM exported into
the streams and finally to Lake Nam Co. To safeguard lake water quality,
grazing control remains crucial. Soil degradation associated with
overgrazing and intensive faeces production may lead to a higher
input of microbial-derived DOM and of mineral nitrogen to the streams,
bearing the risk of eutrophication.
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